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SUMMARY

The vibrational spectra of the pentitols and erythritol were investigated.
The Raman and infrared spectra of these crystalline compounds were measured
from 4000 to approximately 150 wave numbers (cm '). Their spectra are complex -
and in£e;pretive efforts are complicated by extensive vibratioﬁéllcoupling of

1

the internal modes below 1500 cm '. Consequently, detailed normal coordinate

calculations were used in this investigation.

A series of computer programs were used to construct and solve the vibra-
tional secular equation of ribitol, xylitol and erythritol. To -solve each
secular equation required the use of explicit structural data and an approiimate
set "of intramolecular force constant parameters. The calculated frequeney -
parameteré derivéd from solving the vibrational secular equations were corre-
lated with the experimentally measured frequencies. The difference between the
calculated and experimental frequencies was used to formulate a Basis for a~ii ¢
refinement of the initial set Qf force constants. An iterative nonlinear least
squares technique, based on the Fletcher-Powell method, was used to simulta-
neously adjust the force constants until the difference between the calculated
and experimental frequencies were minimized. After refinemenf there was an
overall average difference of 9.1 cm ! between the calculated and assigned

experimental frequencies.

The force field derived from the refinement process was shown to be capable
of predicting the vibrational spectrum of D-arabinitol. The ability to predict
the distribution of bands in the D-arabinitol spectra has clearly opened up the
possibility of extending this approach to other alditols. As a matter of in~-
terest, the observed spectra of both D and D,L-arabinitol were compared. Differ-

ences in their spectra were noted and have been attributed to suspected




-2~ -

differences in the geometry of their unit cells and/or differences in the inter-

molecular hydrogen bonding.

The results of the analyses demonstréxé that the vibrationai spectra of the
pentitols and erythritol can be understood in terms of a relatively simple force
field. The majof differences among the pentitol spectra result primarily from
changes in the vibrational coupling caused by the structural differences among
the isomers. This suggests that most of the molecular vibrations arise, to a
first approximation, from the isolated molecule, apart from its environmental
surroundings. - Although interactions among the molecules in the unit cell were
detected, the-effects on the spectra were localized in particular bands. The
effects of hydrogen bohding appear to be of secondary importance in under-
standing the vibrational speétra of these compounds. The overall band distri-
bution is.most sensitive to the coupling of the atomic vibrations within the,

molecule.




INTRODUCTION

Attempts to analyze comprehensively the vibrational spectfa of carbohye
dratesl have been renewed recently‘in an effort to broaden the applicafion of
vibrational spectroscopy as a tool for studying the physical cﬁemisffy of these

com@lex molecules. Interest has been particularly aroused because of the im~-

portance of the saccharides in the technology of natural products and in medicine.

.For egeﬁple,-in nature the saccharides often occur in polymeric form sﬁeh as
the“aﬁhyarogiucose polymer cellulese. Cellulose,'which is one of the few |
abundanf ;ﬁa renewable natural resources, is a basic raw material for the textile
and paper ihiﬁstries. Also the seccharides are biologically imperfant structural
componeﬁie in living tissues, and are involved in mefebolic pathways:' (i) glycel-
ysis angjeieohoiic fermentafion, and (2) pentose phosphate metabolism. Further-
more,:%he& enfer intova number of important biochemical mechanisme‘such as bloeé-'

coagulation and antigen antibody interactions, and they are constituents of some

of'the clinically important antibiotics.

é&en though eome progress has been made in the interpretation of carbohydrate
spectfa, much remains to be done before the potential of vibrational spectroscopy
is fully realized. The iﬁfrafed (IR) spectra of the saccharides have been in-
vestigated quite extensiveiy. However, the complexity of the spectra and the
difficulties in resoiving the lower frequency regions have limited the progress.
of interﬁretive efforts. Most interpretive efforts have necessarily relied on.

the group frequency approach. The group ffequency approach is an empirical

'

}The term carbohydrates, in this context is used to identify the class of com-
‘pounds which, in addition to the saccharides, includes their derivatives and
other related compounds such as the cyclitols.
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method based on the assumption that vibrations for a certain atomic group (e.g.,
C = C bonds) are independent of the rest of the atoms in the molecule. Thus,
by comparing the spectra of a large number of compounds having a common g?oup,
it is possible, in some instances, to find abéorption bands which remain rela;
tively constant. The frequency of these bands can then beﬁconsidered to be

characteristic of the vibrational motion of the common atomic group.

However, due to the similarity of the atomic groupings in many carbohydrate
molecules, the majority of the bands are thouéht to result from complex mixﬁures
of vibrational motion (i.e., most of the frequencies are éoﬁbinaﬁions of ;any
kinds of motion coupled together). Thus, it is difficult to make comprehensive
interpretations from systematic comparisons of the carbohydrate spectra wifh
the spectra of simple compounds which have been interpreted more completeiy.

Some regions, like the fingerprint region, simply cannot be interpreted using

this approach.

Although interest in developing vibrational spectroscopy as a tool in
physical chemical investigations of the carbohydrates has existed for some time,
thg interest and the methodology necessary to expand the apﬁlication ﬂave ﬁot
" always coincided. Consequently, vibrational spectroscopy (ﬁostly IR) has
functioned primarily as an analytical tool in investigations relating to the
chemistry of the saccharides. However, now the methodoiogy does exist. Devélop-‘
ments in both experimental and computational techniques in the field of spec-
troscopy have méde possible more rigorous analyses of the spectré of complex

molecules possessing more than 20 atoms.

More specifically, the availability of laser Raman spectrometers and the
gradual development of more effective computer methods for normal coordinate

calculations have been responsible for the most recent advances. Improved




Raman spectrometers provide complementary spectral information to IR absorption
measurements, and the normal coordinate calculations allow for the detailed in-
vestigation of the vibrational dynamics of large molecules. Thus, these ad-.
vances suggest that comprehensive analyses of the spectra of certain carbohy-
drate-related molecules are now possible. The results obtained from further
analyses would considerably advance our basic understanding of the vibrational

dynamics of these molecular systems.

The thesis research reported here is actually one part of a broader effort

to analyze systematically and eventually interpret the vibrational spectra of

various anhydroglucose polymers, including cellulose. It is felt that, in

order to accomplish this broader goal, two inseparable problems must be solved:
(1) interpreting the spectra of the pyranoses, and (2) interpreting the spectra
of the anhydroglucose polymers. Similarly, undérstanding the spectra of the
pyranoses requires an understanding of the spectra of simpler though structurally
related carbohydrate: compounds, such as the 1,5-anhydropentitols (1,5-AHP's)

and the pentitols.

A comprehensive study of the solid-state vibrational spectra of the 1,5-
AHP's has recently been completed (;). The major portion of this thesis
examines the solid-state vibrational spectra of (I) ribitol, (II) xylitol, (III)

D~arabinitol (the pentitols) and (IV) erythritol.

CH2OH CH20H CH,OH CH,OH
HCOH HCOH HOCH HéOH
HéOH HOéH HéOH HéOH
HéOH HéOH HéOH éHZOH

éHZOH éHon éHZOH

I II IIT Iv
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The purpose of the investigation is to analyze the spectra of these compounds
and to provide information to assist in the spectral interpretation of other

related carbohydrate molecules.




BACKGROUND

There are numerous: difficulties involved in interpreting the specﬁfa'of"

K

the carbohydrates. First, the spectral bands are often crowded and‘ﬁhe -
préﬁiem of assigning and interbreting the individual ﬁodes is extremeiyAdiff{-
cult. Secondly, below 1350 cm ' the origins of the vibrations are 1ikély to
involve moré than a localized vibration of a specific group withig the molecule.
Deuterafion work has long suggested this possibility (2,3). In tﬁe:IR spggt?ar
of céllulose and xylan, for instance, there are about 17 bands_bgfween 1500~
980 cm"'1 Q%). Of these, the bands between 1500-1200 cm * havg bgen,accoupted
for as either OH in-plane :(ip).or - CH and CH; bendiﬁg modes (2). As a reéult,
much of the work has been confined to the region between llOO—?OO”Eﬁd;i For’
example., baﬁds between 1075-980 em ! in the spectra of celluloéé;”laminarin,
amylose, and xylan have been interpreted as CO and CC stretching modes (k).

However, further clarification of some of the spectral features in this region

is required (2,4).

The status -of .the work prior to 1964 has been described in a comprehensive
review by Spedding Qg)., Most of his discussion related to work on the IR
spectra of the carbohydrates. ZEssentially two methods were used for interpre-

! in the spectra of carbohydrates.

tive purposes in the region between 960-730 cm
One mefhod was based on the correlation of features in the IR épectrum of
tetrahydropyran (THP5 with similar features in the spectra of the pyranoses and
related carbohydrateé. Bands aésociated with particular ring'ﬁibrations in the
THP molecule‘were correlated dn the basis of their frequencies and intensities
to siﬁilér bénds aﬁpeariﬁg in pyranose compounds. This is an example_of the

use of structurally simpler compounds to help understand the spectra of more

complex molecules.
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The other method focused on spectral features associated with the anomeric
carbon atom. In this method a wide range of compounds having similar atomic
groupings at the anomeric carbon atom were compared. Freguencies in the spectra
of these compounds which remain constant were assigned to modes involving the

atoms associated with the anomeric carbon atom.

Important contributions have been made by a number of workers which have,
for the most part, utilized both of these methods. Tipson's (5) review in 1968
provides a comprehensive discussion of the characteristic infrared bands shown

by various atomic groups in carbohydrate molecules.

Polarized IR spectra have also been used for interpretive purposes in the
CH stretching region, 3000~2800 cm !, of cellulose. Marchessault assigned the
2853 cm” ! band in cellulose to the symmetric CH; stretching mode based on IR

polarization data (6).

Deuterium substitution has been used effectively in some cases to identify
OH bending modes. Also, by comparing the spectra of cellulose with the spectra
1

of deuterated cellulose and related polymers, the bands between 1075-980 cm ',

mentioned earlier, were interpreted as CO and CC stretching modes (4).

In the early 1960's progress in the methodology of vibrational spectros-
copy led to another approach to analyzing the spectra of complex molecules.
The work of Schachtschneider and Snyder (7,8) on the hydrocarbons and of
Snyder and Zerbi Qg) on the ethers, including THP, established that systematic
normal coordinate (NC) analyses of the spectra of groups of related compounds

was possible.




An' NC analysis is a mathematical treatment designed to calculate the

fundamental vibrations (i.e., normal modes) of a molecule and to analyze the
motions associated with these vibrations. 1In a nonlinear polyatomic molecule

of n atoms there are 32;6 vibrational degrees of freedom. Thus, theivibrabiohal
spectra of a nonlinear molecule will reveal 3n-6 fundamental frequenciesz.

Each observed fundamental frequency represents a normal mode, ﬁhich:can be
described by an associated normal coordinate. The normal coordinaté“may be a
mixture of various internal displacement coérdinates such as bond sfretching'

or angle déformations. One objective of the analysis is to resolve this mixture
intovits major coﬁponents. When a particular mode is excited, all thé atoms
invoi#éd oséillate'in phase with the same angular frequency. Dependﬁng on the
masses of éhe afoms and the nature of the bonds the amplitudes may be different.
By cofréi;tiﬁg the 32}6 calculated normal modes with the experimentally obsefﬁed

3

fréé;eﬁ;iés'it is bossible to interpret the vibrational spectrum.

Prior to the analyses of Snyder and Zerbi on the ethers, some interpretive
work had Bééﬂ done an THP as reviewed by Spedding (g). In particular, Burket
and Bﬁdgerk(;gj e#amined the infrared spectrum of THP and assigned various
bands between 1660 and 800 cm ! to ring stretching vibrations [including the
sy&metric téyﬁ.)‘and ésymmetric (asym.) C-0-C stretch]. Their interpretation
of THP waévbaséa oh the NC analysis of cyclohexane by Beéket, et al. (;;).
However, the actual NC analysis of THP (and related ethers) by Snyder and
Zerbi was not cémpieted until 1967. More recently, Pickett and Strauss (12)

adapted the computational methods of Schachtschneider and Snyder in a study

2Assuming that all transitions are allowed in either the Raman (R) or IR,
which is not necessarily the case, and that there are no overtone or combi-
nation bands, and no accidental degeneracies.
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of the ring bending vibrations of cyclohexane and related oxanes including THP.
They determined the ring bending potential of the various oxanes using the NC
analysis and used this information to calculate rate constants for chair to

boat conversion.

Three other investigations have been completed in the early 1970's in an
effort to develop the basis for an interpretation of the vibrational spectra
of some of the more important saccharides. First, Vasko (}g) examined the
Raman scattering of a large number of carbohyarates. He also computed the
vibrational frequencies.of a-D-glucose using force constants selected from the
published literature on more simple molecules and structural data based on the
neutron diffraction work of Brown and Levy cited in (14). Even though no |
structural approximations were necessary, there were serious gaps between the
computed and experimental band distributions suggesting the need for an impro&ed

set of force constants.

Secondly, Pray (4) made an a priori calculation of the skeletal planar
vibrations and internal vibrations of certain atomic groups in cellulose using
the "multiple origin method" of Deeds (15) and initially selectéd constants from
Wilson, et al. (16) and Takahashi, et al. (17). An approximafe structural model
of glucose was used by Pray as a simplified cellulose model. To simplify the
calculations the coupling between in-plane “(ip)’ and out-of-plane (op).vi-
brational motions [i.e., the plane formed by the C(l),‘C(3), and C(5) atoms]
was neglected. However, the spectral interpretations resulting from Pray's
analysis are not consistent with prior knowledge relating to the vibrational

spectra of the carbohydrates.

Although both of these latter investigations represent attempts to

analyze mathematically the molecular vibrations of glucose, the results
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suggest that the compiexity of the problem requires (1) a more ;yﬁpemay%gA
approach (such as that takéﬁ by Snyder and Zerbi) éﬁd (2) a_moreArepfesepta-
tive intramolecular force field. Pitzner's (l) investigation of the 1,5-AHP
compounds, mentioned earlier, supports this view. He was able tg successfully
analyze the vibrational -spectra of the i,fFAHP molecules usiné:a bfagedﬁfé'fSr'
the analysis similar to‘;hgvone‘deveioped:by Schachtschneider (;g:ié}.. iﬁ¢"
each case, the computed spectra approximated the observed spectra réaébnébl?z
well. Furthermore, the interpretations, based on an analysis of the calculated
normal coordinates, were determined to be consistent with prior experience
about carbohydrate spectra using group frequency correlations. Intramolecular
force constants representative of the 1,5-AHP's were calculated by making
simultaneous adjustments to an initial set of force constant values until the
difference between the calculated and experimental frequencies were minimized.
The values of the initial constants were taken from Snyder and Zerbi's NC

analysis of THP and related ether compounds.

More importantly, Pitzner found that the numerous differences in the
location of the observed spectral bands among the 1,5-AHP's were primarily due
to G matrix effects or kinetic energy effects as they are sometimes called3.
Kinetic energy effects result from structural differences among related mole-
_cules (these can be either configurational or conformational differences).

In the case of the 1,5-AHP molecules the primary structural difference is

configirational and related to the orientation (either axial or equatorial)

of the vicinal hydroxyl groups. These structural changes alter the vibrational

3Actually the G matrix is the inverse of the kinetic energy matrix, and

should not be confused with the kinetic energy of the system, which is
a scalar quantity.
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coupling among the oscillations associated with the fundamental vibrations.
Because the coupling patterns are altered the frequencies and intensities of :

the vibrations change.

_ The success of Pitzner's NC analyses of the 1,5-AHP compounds has clearly
opened up the possibility of extending this approach to more complex carbohy-

drate molecules.
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THESIS OBJECTIVES

The major objective of this thesis was to provide a basié for the interpre-
.tation of the vibrational spectra of the alditols. To.achieve this objective,
erythritol, ribitol, xylitol, and D-arabinitol were selected as representative
alditols. Normal coordinate analyses of the molecular vibrations of these
molecules were carried out in an effort to formulate an interpfetive basis for

this class of compounds.

Pitzner's work on the 1,5-AHP's (;) clearly esfablished the possibility of
developing a -force field for the alditols. A force field with some predictive
capability would provide a basis for an interpretation of the‘aldifol spectra.
Thus, fhe‘problems confronted in this investigation were twofold:

Q;) Develop the best possible force field for these selected models,

g
~

(2) - Determine the transferability of this force field to related :

ald}tol molecules.

Three of thé‘four alditols, ribitol, xylitol, and erythritol were used to
dévelop,a coﬁmon force field. These compounds were selected for several reasdns.
First, their cfyéfal structures have all been determined. Thus, with direct
structural data available no approximations were necessary with regard to the
conformations adoptéd by the molecules in the solid state. The fourth molecule,
D-arabinitol, was excluded from the development because its stru&ture is unknown.
Hunter and Rosenstein (20) have determined the crystal structure ;f D,L-arabinitol.
However, there is no basis for assuming that the structure of the D isomer in
D,L—arabinitol is the same as its structure in the crystalline D isomer. This
uncertainty may be resolved by comparing both the D and D,L Spectra with the
calculated spectrum of the D isomer as it exists in the D,L crystal. Secondly,

ribitol and xylitol are structurally related to both the 1,5-AHP's and the
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pentoses. They possess the.same relative configuration at C(2), C(3), and C(4)
as the corresponding members in the other two groups. -The atomic groups at
these three locations are identical. Thus, the constants in the force field
developed by Pitznér could be used as an initial approximation to the force

field of the alditols.

Finally, xylitol and ribitol have similaf "flexed" chain conformations
while erythritol has an "extended" chain or planar zigzag conformatidn. The
flexed chain conformation is characterized by rotation about a CC bond which
alteps th¢ otherwise planar zigiag conformation of the carbon backbone. A
parallel interaction between C20 and C40 (i.e., a syn-axial interaction) in
both ribitol and xylit;l is relieved by a 120° rotation sbout C(2) - C(3) or

about C(3) - C(4) as shown in the following equations.

g n ooy O H OH iy '
H SN AN . b ;/’- -
H : H
KT N
H n O H.H H n'uliono'un O‘Hp(ﬁou
XyLitTot RIBITOL

These two kinds of conformations (i.e., the flexed and the extended chain)
are characteristic of the tetritols, pentitols, and hexitols (g;). Thus, these
three compounds are structurélly representative of the alditols. A field
capable of aescribing the intramolecular forces in each of these molecules would
be expeéted to transfer reasonably well to other alditols possessing either

type of conformation.

To develop a force field for the alditols, the vibrational spectra of -
ribitol, xylitol, and -erythritol were computed by solving their vibrational

secular equations. Based on these calculations the computed frequencies were
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correlated with experimentally measured frequencies. An effort was then made
to reduce the least squares deviation between the two sets of data by a suc-
cession of adjustments to the common force constants in the F matrices of these
model compounds. Thus, the approach to the solution of the first problem héd
four essential steps:
(1) Measure the observed vibrational freéuencies of ribif&i;
xylitol, and erythritol.
(2) Compute the vibrational frequencies of each mole?ule;l
given the necessary structural data and an-initial. set Tt

of common force constants.

(3) Assign the calculated modes to the measured frequencies
of vibration.

(4) Refine the initial force constants by minimizing the

least-squares deviation between the observed and calculated
frequencies. ‘ ’ :

9 .

Several important constraints were imposed on the fourth step. The first

-

constra;nt‘relateg tonihe actual refining process. The total numbér of refined
force constants wag nét allowed to exceed the number of known experimental
frequencies. Pitzner established that it was possible to develop a force field
for the 1,5-AHP's by perturbation of existing parameters. However, to maximize
the interpretive value of the constants obtained from such treatments it is
important that these parameters be capable of reproducing a number of independent
experimental frequencies which is greater than the number of variables used in

the refinement.

Secondly, it was required that the spectral interpretations based on the
NC analyses be consistent with prior experience in group frequencj correlations.
Finally, the final values of the constants were expected to be consistent with
the values of similar constants in related molecular systems. In this regard,

however, some differences between the initial and final constants were
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anticipated in view of the differences between the pentitols and the 1,5-AHP's.
The absence of both the ether linkage and the ring structure were expected to
affect some of the constants. Also, the chainlike structure of the alditols
may affect the degree of intermolecular hydrogen bonding between the vicinal
hydroxyl groups. Suéh an effect would be expected to result in differences

among similarly defined force constants.

The second objective was to test the transferability of the constants
developed by minimizing the least squares deviation between the observed and
calculated data for ribitol, xylitol, and erythritol. Although force fields
have been developea for the n-paraffins (7), aliphatic ethers (9), and 1,5-AHP's
using perturbation treatments, transferability of the force constants to related
molecules has not been demonstrated. A third pentitol, D-arabinitol, was used
to determine whether the constants could be applied to related molecules. Using
the available data on the structure of D-arabinitol as it exists in the D,L
crystal and the final set of refined force constants, the spectrum of the mole—‘
cule was calculated. A reasonable correlation between the calculated and ob-
served bands in the D-arabinitol spectra (Raman and IR) would provide a measure

of the predictive capabilities of the field.
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EXPERIMENTAL
SAMPLE PREPARATION

With the éxception of b,ﬁ—arabinitol,‘all other compounds'ﬁéfé availablé
from commerciéi séurces. The D,L-arabinitol crystals (m.p. = iOSBC)“ﬁeréxob—
tained by slow evaporation from a (95/5, v/v) ethanol-water solution of an
equal molar mixture of the D and L isomers. Deuteration of the hydroxyl groups
of r1b1tol xylltol and erythritol was accomplished by repeated crystalllzatlon
from monodeuterated ethanol- Dzo mlxtures (75:20 v/v). The deuterated crystals
were:seéarated by filtration, washed with small amounts of monodeuterated

ethanol, and drled in a vacuum desiécator. The degree of deuteration was not

M
PR

riébfdﬁély-establiéhed.
Tao . - SPECTRA

The Raméh spéctra were measured with a Spex Raman system with a Coherent
Radiation Model 52A Argon ion laser source. A laser frequency of 5145 A (19435

cm_l) was used. The slit widths were set for a minimum resolution of 5 cm *.

The Raman spectra of the solid samples were obtained using pressed powder
pellets mounted in a 180° back-scattering arrangement. The beam was focused
directly upon the face of the pellet. Before scanning the crystalline pellets
were exposed to the lgser beam for a time interval of approximately 50 minutes
to allow the fluorescence to diminish. The solution spectra were obtained from
concentrated aqueous samples sealed in capillary tubes mounted in the sﬁandard

sampling mode.

The standard procedure for preparing pellets was modified somewhat for

the deuterated samples to minimize hydrogen-deuterium exchange with water va?or.
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The powder and die for pressing the pellets were prepared in an anhydrous air

bag. Also, the time interval before scanning was reduced as much as possible.

Infrared spectra of the powdered solids were recorded with a Perkin-Elmer

621 IR spectrometer using KBr pellets prepared in the standard manner.

COMPUTER PROGRAMS

The computational work was performed on an IBM 360 Model 44 digital computer.

The vibrational problem was set up in terms of internal displacement coordinates
using the Wilson GF method (lé). The programs for solving the secular equations
weré developed by Schachtschneider (}§Jl2) and adapted for the IBM 360 0S
operating system by Pitzner (l). The function minimization algorithm of Fletcher
and Powell (gg) was used for the nonlinear least-squares refinement of the‘force
constants. These programs are on permanent file in the computer center library

at The Institute of Paper Chemistry (Library Source Tape: IPC.TH.O0l).
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RESULTS
INFRARED AND RAMAN SPECTRA

RIBITOL

The Raman spectra of ribitol and deuterated ribitol are shown in Fig. 1.
Solution spectra in both Hz0 and D20 are shown in Fig. 2. An IR spectrum of a
KBr mounted ribitol sample appears in Fig. 3. The frequencies of the observed

bands in each spectrum are listed in Table I.

XYLITOL

The Raman spectra from pellets of xylitol and deuterated xylitol are shown
in Fig. 4 along with an H,0 solution spectrum. An IR spectrum of xylitol is
shown in Fig. 3. The frequencies of the observed bands in each spectrum are listed

in Taﬁle II.
ﬁRYTﬁRITOL

Aside from the conformational differences and differences in the location
and degree of intermolecular bonding, erythritol possesses anéther property not
characteristic of the other alditols. The basic structural backbone of the
erythritol molecule is reported to have a center of symmetry (g}). The unit cell
is aiso centro-symmetric. In centro-symmetric molecules, transitions that are
allowed in the IR are forbidden in the Raman spectrum. The converse is also
true. The Raman and IR spectra of erythritol are shown in Fig. 5. An H,0
solution spectrum (Raman) is shown in.Fig. 5 also. The IR spectra of erythritol
and deuterated erythritol are compared in Fig. 6. The measured frequencies in
each spectrum are tabulated in Table III. From Table III it is apparent that

the rule of mutual exclusion is not rigorously obeyed. !
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TABLE I

VIBRATIONAL SPECTRA OF RIBITOL

Solid
Av, V,
Raman, cm ! IR, cm *
"3340(vs,Db
\3250(vs,b)
2972(s)
2965(s) 2960(vs)
2949(vs)
n2928(s,sh) 2928(vs)
2922(s)
, 2913(sh)
2900(s) . . -
2887(s,sh) 2893(s,sh)
2858(vw) 2853(w,b)
1469(s) 1467(s)
1452(s) 1458(s)
v1433(w,b) 1422(m,b)
1378(w,b)
1364 (m)
13k2(s) 1344 (m)
1328 (m)
1317(vw,b)
1295(m,sh)
"1289(m) 1289(w)
1270(s)
1265(sh)
1246(m)
1237(w,b)

1222(w,b)

Raman, cm

)b

Deuterated

Av,
1

2965(s)
2949(vs)
2928(s,sh)
2922(s)

2900(vs)
2887(s)
2855(vw)
2485(sh)
2459(s)
2k29(s,vb)
2415(sh)
1470(m)
1L455(s)
L5 (vvw)
"1383(m,b)

134kh(s)

1300(s,sh)
1287(vs)
"v1273(m,sh)
"1265(sh)
"1250(w)
1242w, sh)

Solutiona

Av, (H20)

Raman, cm '

2968(vs,b)
2955(sh)
2935(sh)
2921(vs,b)

1L466(s)

\1400(w,b)PF

N1344 (m, b )FF

\1275(m,b)P*
n1260(sh)P¥
n1245 (w,sh)FF

n1215 (v, b)PT

Av, (D20)
Raman, -cm 1

2949(vs,b)
2938(sh)

2898 (vs,b)

1465(s)

%lhOO(w,sh)Pr
"1375(m,b)P"
1350 (m)P*

"1340(m,b)P*

1300(s,b)

1215 (w,b)Pr
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TABLE I (Continued)

VIBRATIONAL SPECTRA OF RIBITOL

Solid
Av, V,
Raman, cm ' IR, cm !
1209 (w)
1135(s) 1133(m)
1118(s) 1117(s)
n1092(w,sh) 1098(vs)
1078(s) 1074(s)
1066(s) 1068 (sh)
1054 (s) 1049(m)
1050(s) 1045(m)
1037(m) 1032(vs)
953(s)
948(s) L8 (w)
915(w) 912(s)
893(vs) 888(vs)
860(vs) 859(s)
Tho(s) Th8(s)

Deuterated

Av,

Raman, cm !

1185(m)
1161 (s)
n11hh(m)

1128(s)
1107(m,b)

1078(s)
1061 (m)

1023(m)

994 (s)

%920 (m,b )P¥

895 (sh )PT
885(s)

"838(sh)

828(vs)

T43(s)

Solution?
Av, (H20) Av, (D;0)
Raman, cm 1 Raman, cm 1
"1172(m,b)
N1152(m,b)
1130(s,sh) "1130(s,b)
n1122(s,sh)PF
n1102(sh )PF
1085(vs)
1075(s,b)P"
1059(s) 1060(s,b)P"
1047(s)
1032(s,b)
1015(s)
"995(s,sh)P"
953 (w,b)F*
924 (m,b)
881 (vs)
861 (vs)
855 (vs,sh)FT
840 (vs)Pr
n802(w,sh)FF
738(m)

T26(w,b)
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TABLE I (Contihued)

VIBRATIONAL SPECTRA OF. RIBITOL

Av,

Raman, cm 1

695 (vvw,b)
628(m,b)

575 (vvw,b)
529(s)

478(m)

4s8(w)
388(vw)

351(w)

327 (w)

\310(vw,b)
27 (w,b)

234 (w,b)
209(m)
202(m)

8'Sza.tura.ted.

Vs

IR, em !

' ’\‘695 (Shsb)

624 (s,b)

5Tk (s,vb)
529 (m,sh)

470(m,sh)
453(m,sh)

Deuterated

Av,

Raman, cm !

695 (vw,b)
622(s)

WS5T8(vw,b)
527(s,b)

473(m)
458 (sh)

344 (m)

323(w)
308 (w,b)

267 (m,b)
235(m,b)
209{m)
"197 (m)

Solution® '

Av, (H,0) Av, (D,0)
Raman, cm t Raman, em !
700 (w,b) 694 (w,b)

N618(m,b) 611 (m,b)P*

561 (m,sh) 558 (m,sh )T
531(s) n525(s,sh)PT
L487(s,b) 481(s,b) -

"455(sh) W61 (sh) -

353(vs) | 343(vs) -

bConventional symbolism indicating relative intensity: vs = very strong; s =

strong; m =

r .
p Poor resolution.

medium; w = weak; v = very; b = broad; sh = shoulder.
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TABLE II

VIBRATIONAL SPECTRA OF XYLITOL

Solid Deuterated Solution (H,0)®
Av, v, Av, Av,
Raman, em ! IR, em ! Raman, cm ! Rea.ma.n,'cm_1
343587 3420(vs,b)°
3362PT 3360(vs,b)
3302F% 3290(vs,b)
2998(s) 2997(s) 2997(s)
2972(w) 2972(m) 2972(w)
2957 (vs) 2955(m) 2956(vs)
2948(s) 2945(s) 2946(s) 29&8(vs?b)
2915(m) 2916(vs) 2914 (m)
2900(vs) 2899(vs) 2905(vs,b)
2889(sh) 2883(s)
2545(w)
2500(m)
2428 (w)
n2105 (w)
v2360(w,b)
1464 (vs) 1465(vs) 2468(s)
1452(sh)P* 1454 (m,sh) ‘
1440 (vw)
1424 (sh)
"v1b15(vw,b)
1407(w) 1409(s)
"1390(w,b)
1380(m)
1374(w,sh) 1374(s) 1364 (s)
1352(vw,b) 1351(s) 1353(m,sh) "1352(m,b)
1346(w,sh)
1335(w) 1331 (vw) V1337 (m,b)
1319(m) 1312(s) "1315(m,b)
1308(m) 1305(sh) 1309(s) "1300(m,b)

71298 (w)
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TABLE II (Continued)

VIBRATIONAL SPECTRA OF XYLITOL

Solid
Av, ‘ v,

Raman, cm * IR,'cm_1
1281(s) 1280(s)
1243(m) 1248(m)
1231 (w)PT
1225 (w)FT
1219(w) 1218 (vw)
1122(sh) 1124 (vs)
1110(s) 1111 (vs)
1094 (vs) 109k (vs)
1089(vs,sh) 1087(vs,sh)
1073(vs) 1076(sh)
1061 (vs) 1067(75)
1032 (vw)
1007 (m) 1010(vs)

921(m)

914 (m)

889(s) 887(s)

Deuterated
Av,

Raman, cm 1

1288(m)

1247 (w)P¥

1176(w)

1157 (w,sh)P*
1137(s)
1126(sh)F*
1120(m)P*

1087(s)
1075(s,sh)P¥

1040(sh)
1030(m)

998 (m)
L2 (vvw ) PT

930 (vvw )PF

905 (sh)
893(w)
880(vw)

Solution (H,0

)a

hv, .
Raman, cm !

1287 (m,b)
"1267(m,b)
"1254(sh,b)

nv1225(w,b) -
n1210(vw,b)

ll28(s,sh)pr.

1110(sh)®*
1103(s)

1080(1b)**
1060(vs,5)

1030(sh)??"
1007(s)

983 (+,0)P"
ok8(w,b)

920 (vvw)F¥

910 (vw)P¥

878(sh) .
865(vs,b) .
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TABLE II (Continued)

VIBRATIONAL SPECTRA OF XYLITOL

Solid Deuterated Solution (H,0)%
Av, v, Av, Av,
Raman, cm ' IR, cm ! Raman, cm * Raman, cm
858(vs). 860(vs) 853(m,sh)
' ' 840(vs) V780 (vvw b ) PX
750(v,vw) The(vs) 738 (vvw) 750 (vvw b )BT
V698 (<vw,sh) 704 (w)
665 (w,b)2"
600 (vvw) "598(s) 592(w,b)P"
575 (v, b) 578(w,b)F*
563(s) 560(sn)P*
. 530(sh)
520(w) 520(vs) 525 (vvw,b) 522(sh)
480(vs,b)
“hek(w) L 60 (vvw) \
428 (vs) L33(w) 420(s) 421 (vs,b)
4o2(sh)Pr
385(w)
360(vs)
351(vvs) 350(vvs)
32k (m)
313(m)P*
297 (w)
288(w,b)
277 (w)
254 (vvw)PF
2h3(vw) 236(m)
226(w) '
207(m) 205(s)
196(s)
fsaturated.

Conventional symbolism indicating relative intensity: vs

very strong;

s = strong; m = medium; w = weak; v = very; b = broad; sh = shoulder.
Poor resolution.




To3tIyuLad Jo eI30adg TBUOTIBIQIA °*¢ 2an8Td

. WO ‘MIGNNN T IAVM

£30-

~3T

..

P

C’~‘

pa1044u)




-31-

Hopﬂhaphgw P93BIIINSQ pPUB ToaTIULIT Jo BILOadg pageajurl ' '9 aanIty

-UR HIENNN 3AVM

!
!

t % 000) weiboid ing K
OoN shuse) sod5 112 129 Ispom A g
H
1

4

YNNI - NI

NOSI oM 200040
€ ~81-8 iwsg

T e%-01108 iewond

(g (qeopmed) ‘d-d diymg
020/0013 - GIZITIVASAOIN (@)
IIDNINMOD (V) :widao
TLMLANT Q3LVEILNIO (8)
OLINNLAND (V) erdweg
TIUVUIN] :whidedg

% ‘IONVLLINSNYYL




VIBRATIONAL SPECTRA OF ERYTHRITOL

Solid
Av, v, _

Raman, cm * IR, cm !

3285(b)°

3250(b)
2972(vs) 2975(vs)
2963(vs) 2965(vs)
2930(s) 2935(s)
2919(m) 2918(vs)
2903(vs) 2902(m)

28907
1469(s) 1469(m)
1450(w) 1456(s)
1415(w) 1414 (vs)
1373(w) 1375(w,sh)
1366(w) 1366(m)
1324 (vw)
1306 (vw) 1307 (w)
1273(m) 1271(s)

1254(s)
1245(sh)
1236(m)

1216(m)

=32~

TABLE III

Deuterated -

v, |
IR, cm !

2L25(vs,b)
2380(sh)

1455(s)
"1418(m,b)

1370(s)

1335(m)

1295(m)

1270(w,sh)
1252(m,b)

Solution (H,0)®

Av,

Raman, cm !

2943(vs,b)

2894 (vs,b)

1461(s)
n1420(w,b)PF
A0k (w, b )FF

N1373(m,b)FF

n1340(m,b)PT

n1282(m,b)FT .

N1257 (m,b) 2"

n1228(w,sh)PT

"1210(w,sh)
N1155 (vvw)
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TABLE III (Continued)

VIBRATIONAL SPECTRA OF ERYTHRITOL

Av,

Raman, cm }

1121(m)
1107(s)
n1068(w)

1040(m)
1030(m)

. 918(vs)

874 {vs)
862(s)

698(vs)

486 (m)

\),_
IR, cm !

1121 (vw)

1078(vs)
1053(vs)
1038(sh)

968 (vs)
918(vw)

880(vs)
865(s)

709(sh)
692(vs,b)
7672(sh)

620(vs)

488(m)

Deuterated
\),_
IR, cm !

lllS(VS,Sh)}
1083(vs)

1055(s,sh)

1008(vs)
990(s,sh)P¥
965(s,sh)
935(m,sh)P*

908(m)
860(s)
820(m)

"800 (sh)PF

711 (m,b)
690(m,sh)

611(s)
540(sh)PT

515(s,b)
490(sh)

Solution (H,0)2

Av,

Reman, cm *

1118(s)
n1110(sh)P*

~1095 (s )P¥

n1070(s)PT
1053(sh)
1043(vs,b)
1015(s)
965 (w)

n935(w,b ) PT
915 (w,b)PT

862(vs)

VTh2 (vvw)
692(s,b)

V6U 5 (vrw)
540(m,b)

~525(sh )T

483(s,b)
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TABLE III (Continued)

VIBRATIONAL SPECTRA OF ERYTHRITOL

Solid Deuterated Solution (H,0)%
Av, v, v, Av
Raman, cm ! IR, em ! IR, em ! Raman, cm !
465(sh)P*
431 (m)
L22(m)
425(m)
. 415(sn)PT
383(n) 378(vw) 370(w,0)P" 374 (sh)
350(vw) 354(s,D)
312(w)
263(m)
2hs(w)
fsaturated.

Conventional symbolism indicating relative intensity: vs = very strong;
s = strong; m = medium; w = weak; v = very; b = broad; sh = shoulder.

r .
P Poor resolution.
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ARABINITOLS

The spectra of D,L—grabinitol were measured in an effort to determine
whether there were any significant differences between the spectra of the
racemic form and the spectra of the D and L isomers. The Raman and IR spectra
of D and D,L-arabinitol are compared in Fig. 7 and 8, respectively. The
frequencies of the observed bands are listed in Table IV, Since the L spectra
are ldentical to the D spectra, they have not been reported. From Fig. 7 and
8 it is apﬁarent that the spectra of these two crystalline forms are different.

The nature of the observed differences will be discussed in detail later.

By comparing the frequencies of the observed bands in the solid-state
spedtra of the pentitols, differences are seen to occur in all regions. Also,
the Raman spectra recorded fof concentrated Hz0 solutions of ribitol, xylitol,
and erythritol are distinctly different in many regions when compared to the
spectra of the powdered solids. Broadening due to solute-solvent interactions
limited the resolution of many Bands. This was especially true of the CH
stretching region. However, a major departure from the solid-state spectra
was the appearance of new bands in the spectra of the solutions. The new bands

usually appeared in the regions below 1100 em L.

VIBRATIONAL ANALYSES

The central part of the analysis is the solution of the vibrational secular
equation. The equation arises as the condition for the existence of simultan-
eous solutions to the differential equations describing the motion of a molecule

in each of the different degrees of freedom.
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TABLE IV

VIBRATIONAL SPECTRA OF D-ARABINITOL AND D,L-ARABINITOL

D-Arabinitol (Solid)

Av,
Raman, cm

2990(w,sh)
2977 (m)

2947 (vs)
2939(vs)
2920(s,sh)
2910(vs,b)
2882(m,sh)

149k (s)
1464 (s,sh)
1454 (s)
1440(w,sh)

1395(vw,b)
1375(s)
1357(s)
1333(vs)

1304 (s)
129h(m)
1280(m)
1268(s,sh)
1260(vs)

v, _

IR, cm 1
3350(vs)?
3330(vs,b)
3320(vs,b)

2971 (w)

2957 (m,sh)
2945(s)
2939(s)
2921 (m)
2906(m)

"1491(w,sh)

1462(m,sh)F*
1450(m,sh)P*
1440(s,p)P*F

1395 (vvw)
1372(m)

1352(vvw)
1330(m,sh)

1314 (m)
1304 (w,sh)
1293(vw,sh)
1280(vw)
1268 (vw,sh)
1259(w)

D,L-Arabinitol (Solid)

Av,

Raman, cm

2966(vs)
29L45(vs)
2920(vs)
2877(sh)
2868(w,b)
1L86(s)
1bsh(s)

1406(m)

1375(m)
1342(s)

1323(vw,b)

1302(w)

1271(s)
1262(m)

v,
IR, cm !
3350(vs)
3295(vs,b)
3215(vs,b)

2945(vs)

2919(s)

2870(sh)
2865(m,b)
1481 (m)

1465 (m,sh )"
1448(s)

1425 (m,b)F*

1395(m,sh)P¥
1372(w)
1340(m)

1325(m)

1312(m)
1298(w)

1265(w,sh)
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TABLE IV {Continued)

VIBRATIONAL SPECTRA OF D-ARABINITOL AND D,L-ARABINITOL

D-Arabinitol (Solid)

Av,

Raman, cm 1

1237 (w)F¥
1213(w)pr
1143(vs)

1124 (m)

1109(m)
1089(m,sh)
1086(m)
1069(w)
1057 (vs)
1049(sh)

1028(w)

1016(m)
997 (m)
951(s)
945 (m,sh)

909(w)
887 (vs)
878(vs)
867(s)
855(s)
782(m)
736(w,b)

697 (m,b)
647 (m)

v, _

IR, cm !

1234 (vw)F¥

1211 (w)PF
1140(m)

1122(m)

1102(s)
1088(vs)
1085(vs,sh)
1069(s)
1055(s,sh)
1050(vs)

1028(vs)

1015(s,sh)
995(m)
950(m,sh)
943(m)

905(m)
885(m)
877(m)
866(m)
855(m)
T80(w)
735(m,b)

692(m,b)
643(s)

D,L-Arabinitol (Solid)

Av,

Raman, cm

1230(s)
1209(w)

1133(vs)

1115(m)
1110(m,sh)

1084 (m)
1061 (vs)
1040(m)
1035(m,sh)

1025(w,sh)

996(s)

938(s)
882(vs)
855(s)
782(vw)
708(s,b)

647 (m)

\),_
IR, cm !

1205(m)
1132(w,sh)
1109(s,sh)
1090(vs)
1081 (vs)
1055(sh)
1053(vs)
1040(vs)

1025(vs)

990(vs)

933(vs)
878(s)
850(w)
773(m,b)
T712(s,b)

694 (s,b)
6Lh2(vs)




TABLE IV (Continued)

VIBRATIONAL SPECTRA OF D-ARABINITOL AND D,L-ARABINITOL

D-Arabinitol (Solid)

D,L-Arabinitol (Solid)

Av, vV, Av, v,
Raman, cm ! IR, cm ! Raman, cm 1 IR, cm *
595 (vvw)P* 595 (vw,b)
540 (vw) 538(vvw) 540(w,sh) 535(vw,sh)
528(m) 526(m)’ 528 (m) 522(s)
491(s) " 495(m)
hr2(s) L70(m) 478(vs) 470(s)
405 (vvw) 400 (vvw) 406 (vw) 400 (vw)
363(m) ' :
350(ww)
334(m) 330(vvw) 330(m,b)
325(w)
303(m,sh) 300(w)
295(s)
284 (s)
275(w,sh)
267(m,sh)
235(w) 235(w,sh)
227(m,b)
215(w,sh)

®Conventional symbolism indicating relative intensity: vs = very strong;
s = strong; m = medium; W = weak; v = very; b = broad; sh = shoulder.

T .
p Poor resolution.
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Wilson, et al. (16) have described in detail the,essenti;l elements of tﬂe
theory behind the NC analysis of molecular vibrations. The mét@éﬁatical treat-
ment of the vibrations is initiated by defining the kinetic and potential
energies of a model in terms of a suitable set of coordinates. The model is
generally specified to consist of (1) point masses representing the. atoms and
(2) force cénstants which represent the intramolecular forces holding the atoms

in an equilibrium configuration.

From the kinetic and potential energles of the model it is then possible
to derive the differential equations which describe the vibrational motion of
the model. The simultaneous solutions to these differential equations result in

a set of algebraic equations. 1In terms of internal coordinates, these equations,

in matrix form, may be expressed as

E) 1l =0 : (1)

where ‘ﬁ = the inverse kinetic energy matrix
F = force constant matrix
Ak = frequency parameters = hﬂzvkz (where vkz is a fundamental

frequency of the oscillator)
E = unit matrix
A~
&. = is a column vector of the amplitudes of the various
displacement coordinates in the kth vibration.

There are three components in Equation (1):

(1) the structure of the molecular model,

(2) the force constants,

(3) the vibrational frequencies.
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The'gkmatrix is easily derivable from known structural data. Thus, in
systems where the force constant matrix (i.e., the F matrix) is known, the
solution to the vibrational problem is stfaightforward. The 33;6 frequency
parameters (or 3n-5 for linear molecules) can be evaluated directly. The
eigenvalues, Ak’ are the roots of the secular determinant (i.e.,vcharacteristic
equation) -

© det (GF - LE) =0 (2)

Equation (2) is the vibrational secular equation. Solving this equation is

fundamental to the NC analysis process.

In the present instance, however, the elements of thqu mgtrix are unknown.
They may be obtained by a method of successive iterations beginning with approxi-
mations to the force constants in theyf matrix. The calculated freguency param-
eters (i.e., eigenvalues of'gg) will not be eqﬁal to those derived by experiment.
The differences between the observed and calculated frequencies form a basis for .
determining better approximations of the force constant parameters in thé;ﬂv

matrix.

The basic framework used for the NC analyses was based on the Wilson GF.
method (16) and Pitzner's (1) modification of programs developed by Schacht-

schneider (18,19). It involves a sequence of iterations in which a set of

force constant parametérs, @i, are adjusted to reduce the least-squares

deviation between observed frequencies, A , and calculated frequencies,

obs.

Acal.’ such that

. .
@ = Epk[%k(obs.) - Ak(cal.)]z' -3
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In Equation (3), Qg is the value of the sum of the squared residuals after

the rth iteration. is an element of an arbitrary weighting matrix_a. The

%
sum Q is a "function" of the independent force constant parameters. That is,
if any parameter @i is varied, a change in Q will result. Therefore, we can

consider the parameters @i as independent "variables" and Q is a "function" of -

these "variables."

A nonlinear least-squares refineﬁent-method developed bylFletéher—Powell
(22) (FP) and employed by Pitznerv(;) in his.sﬁudy of the l,S—Aﬁ%'s‘#as déédl
Gans (24) has also used the FP minimization algorithm successfully. The main
features of the NC analyses and nonlinear least-squares refinement of the force
constants are shown in Fig. 9. The flow diagram can be divided in four basic
parts:

(1) Data input,
(2) Solving the secular equation,

(3) Refining the initial constants using the FP method, and

(4) Results.
DATA TINPUT -

The Internal Coordinates Chosen for the NC Analyses

These coordinates were defined in accordance with the suggestions of
Decius (gé). The three types of internal valence cdordinates used to describe
the vibrational displacemeﬁts were: (1) valence bond stretching; (2) valence
angle bending; and (3) torsion. For the pentitols, 65 internal coordinates
were defined to describe each molecule. Since each of these molecules has 60
internal degrees 6f freedom, there are 5 implied redundancies. These are

local and removable, but they are included to facilitate the construction of a
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simplified valence quadratic force field. There are 21 valence bond.stretching
coordinates, 35 valence bond angle bending coordinates, and 9 torsional coor-

dinates.

A total of 52 internal coordinates were used to describe erythritol. These
included 17 valence bond stretching coordinates,428 valence angle bending coor-
dinates, and T valence angle torsion coordinates. Since erythritol has L8 in-
ternal degrees of freedom, there are four redundancies. The significant input
data appear in Appendix I. Tables XVIII-XX describe the internal coordinates

for each of the four molecules.

The. G Matrix
- .

. . The number of internal coordinates used to define the vibrational motion
of a molecule also determines the order of its G matrix._ Thus, the/g mafrix of
erythritol would be of lower order than the G matrices of the other alditols.
Of general significance is the fact that the G matrix depends only on the masses
of the atoms and the geometry of the molecule. Also, the G matrix is always
symmetric and always positive definite, that is, its'eigenvalues are all real

and positive.

More formally, the G matrix is defined in terms of the atomic masses and
a transformation matrix commonly referred to as the §’matrix. Thefg_matrix is

defined in the following expression

§ = BX, ()

where internal displacement coordinates expressed as a vector

cartesien displacement coordinates expressed as a vector.

3% !
It
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The B matrix is rectangular with 3n columns and as many rows as there are

internal coordinates. The G matrix is usually given as
= pM~ !
S=RLY (5)
where M ° = diagonal matrix of order 3n whose elements are the

inverses of the atomic masses each being present 3 times

B' = transpose of the‘§ matrix.

The specific details of the G matrix development are presented elsewhere by

Wilson, et al. (16).

To determine the G matrix it is necessary to calculate the cartesian coor-
dinates of the "atoms" in the alditol models. These coordinates were cbmputed_ﬁA
from the internal coordinates. The structural data necessary for these ¢omputa-
tidns is specified in Appendix I. The bond lengths and bond angles of xylitol,
ribitol, erythritol and D-arabinitol are specified in Tables XXI-XXIV. The
"atoms" in each of these molecular models were numbered in the manner depicted

in Fig. 21.

The coordinates of riﬁitol and xylitol are based on their respeétive
crystal structures determined by Jeffrey, et al. (26,27) using x-ray diffraction
techniques. As previously mentioned, thé structural data for D-arabinitol was
based on the structure of the D isomer in the D,L crystal (20). However, the °
structural dats for erythritol was obtained from several sources. The bond
distances and angles of all coordinates not involving hydrogen atoms were taken
from the structural data of Bekoe and Powell (gi). The remaining internal coor-~
dinates were estimated by averaging the appropriate coordinates from the crystal

structures of the other alditols.
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In all cases an average bond length of 0.97 A was used for OH coordinates,
1.093 A for methylene CH coordinates, and 1.120 A for the methine QH coorai—
nates. These distances are longer than thoserreported for the alditols, but
are consistent with thermodynamic and neutron Idiffraction data. Likewisev, an
averaée value of 110.0° was used for all COH bond angles and 109.0° for all

CCH bond angles. These values represent averages taken from neutron diffraction

studies on a-D-glucose (28), B-D-glucose (29), and D-tartaric acid (30).

The resulting G matrices of xylitol, ribitoi, erythritol, and D-arabinitol
are reported.in Tables XXV-XXVIII, respectively. EachAg matrix is unique.
There are, for example, 855 nonzero elements in the ’(},matrices of ribitol,.
xylitol, and D-arabinitol. Of these there are 806 elements in the gmatrix of
ribitol that have significantly diffe;ent values than corresponding elements in
the G matrix of xylitol, and 803 elements. which are different than corresponding

elements in the ,C: matrix of D-arabinitol.

The Z Matrix

Before solving the vibrational secular equation, explicit form must be
given to the F matrix. The force field selected for use in this study is
empirical and is an extension of the fields developed by Pitzner (1), Snyder and
Schachtschneider (8), and Snyder and Zerbi (9). The field is called a

"Simplified Valence Quadratic Force Field" (SVQFF) after Pitzner.

For reasons of convenience, both in the solution of Equation (2) and in
the nonlinear refinement of the force constants, the}j‘ matrix is not evaluated
directly. A transformation metrix is used instead. The Z matrix, which is some-

times referred to as the constraint matrix, is defined by the expression

Fij = éziijK (6)




where the Fij terms represent elements of the'gimatrix. The Z matrices for

each of the alditol compounds are reported in Tables XXIX-XXXIIT.

Whereas the Z matrix is a mathematical formalism, the F matrix is an
integral part of a mathematical expression for an important physical quantity,
the potential energy V. For small values of atomic djisplacement the potential

energy in terms of internal coordinates is

l3n-6

v=2) F S8 o (7)
2l KL

where Sk and Sl repreéent internal displacement coordinates. Actually, the
upper limit on the series expansion [Equation (7)] is determined by the total
number of internal coordinates used to describe the model and not the 3n-6

degrees of fieedom‘ Equation (7) is derived from a Taylor series expansion of

V as a ‘function of the inﬁernal’displacemeht coordinates S : - e

= 2 .
2v = 2v_ + 2J(3v/3s, ) S, + [ (3°V/38,938.) 8,5 + ... higher terms
k k,1
=2v_+ 2Estl‘+ kZlelsksl + ... higher terms. | (8)
]

If the potential energy is chosen to be zero at the equilibrium configur-

ation, then Yo = 0. In this configuration all the § 's are zero because the

atoms are all in their equilibrium positions. Thus, the potential energy must

o+

be at a minimum or

2)F. 8. =0 (9)
Rl _

since (ay/agg)o = 0.
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Also, for small amplitudes of vibration, the higher order terms can be

neglected so that the potential energy is

1
V==)F_SS,.
2k,l k1'k™1
The Ekl terms represent quadratic force constants and are the elements of the
F matrix.

In a polyatomic molecule, the number of quadratic force constants greatly
excéeds the number of frequencies. A general quadratic force field (GQFF)
would include all possible Ekl terms (since’g is a symmetric matrik Ekl = Elk)'
The SVQFF is derived from th;_GQFF by assuming that many of the Ekl t;;ms a;;
zero and by grouping force constants which-are likely to have simgiar values
toéethér. The assumption to assign many of the interaction terms a zero value
is based on the likelihood that the potential interactions between nonconjugated
bonds with no common nucleus are very small. The effect is to reduce the
number of independent force constants, @i, necessary to describe the force field

of large, complex molecules.

Table V defines the 59 force constant parameters used to specify the SVQFF
of the alditol models. Eacﬁ constant is Aefined in terms of an internal coordi-
nate or interacting pairs of internal coordinates sharing common atoms. The
first 21 constants in Table V are referred to as "dlagonal' terms because, as
elements, they occupy positions along the diagonal of the symmetric F matrix.

The remaining 43 constants are "off-diagonal' or cross terms.
g ag

There are 8 valence bond stretching constants in Table V. Each stretching
constant is associated with a particular atomic grouping. There are, however,

only two basic types of atomic groupings: (A) the methine (C-C(H)-OH) and (B)




No.

@ =3 O WU Fow N

10
1
12

13
1k
15

16
17
18
19

20

21

22
23
24

26
27
28

29
30

31
32

Descriptiona
(Diag. Terms)

O'H
OH
C'H
CH
c'o
co
c'c
cC

HC'H
HC'C
HCC
HC'O
HCO
C'OH
COH
c'ce
cce
cc'o
cco

-CC-
-CO-
(off-diagonal)

CHCC
CHCO
ceeg
cceo

SB35
SB36
5B32
SB3T
SB30
SB3l
SB33

Atomic Grouping

C-CH,-0-H
C-C{H)-0-H
C-CH,-0-H
c-C(H)-0-H
C-CH,-0
c-Cc{H)-0
C-CH,-0
c-C(H)-0-

C-CH2~-0
C-CHQ—G
C-C(H)-0

. C~CH2-0

c-C(H)-0
C-CH2-0-H
Cc-C(H)~0-H

"C~C(H)0-CH,-0

c~c(H)0-C{H)-0
C~CHz-0
Cc~Cc(H)-0

generalizedi

See end of table for footnote.

THE SIMPLIFIED VALENCE QUADRATIC FORCE FIELD (SVQFF)
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TABLE V .

APPROXIMATION CONTAINING 59 INDEPENDENT TERMS

Coordinates
Involved

Stretch

O-H
O-H
C-H -
C-H
c-0
" c-0
c-C
c-C
Bend
HCH
HCC
HCC
HCO
HCO
COH
COH
ccec
ccc
cco’
cco

Torsion

c-C
c-0
(Interacting)

AStretchfStretch

CH,CC
CH,CO

c-¢,C-C

-€~C,C-0

Stretch-Bend

C-0,COH
0-H,COH
C-H,HCO
C-0,HCO
€-C,CCO
¢-C,CCo
c-c,cee

Common
Atoms

a o o a

co
co.
CH
co
cc
co
cc

485

Values
Alditois b .
Final .Initial Error 1,5~AHP's
(mdyn./A)
6.275(0.00%¢  6.215 0.0
6.197(0.0)° 6.197 6.283
4.591(~0.13) 4,597  0.016 4.597
L.593(0.09) 4.589  0.019 L.589
5.088(0.12) 5.082 0.013 0.0
5.046(-0.16) 5.054  0.013 -5.103-
4.268(0.49) L. 24T 0.013 " 0.0
4.227(-0.47) b.247  0.011 4,247
{mdyn.A/(rad.)?]
0.47h (k. 61)° 0.452  0.00k 0.452
0.786(-2.04) 0.802  0.007 0.792
0.689(-5.95) 0.730 0.012 0.725
0.850(1.17) 0.840 0.006 0.0
1.112(9.hk) 1.007 0.021 0.963
0.704(-8.24) 0.762 0.011 0.0
0.646(-11.16) 0.718 0.011 0.735
1.097(k.19) 1.051 0.012 0.0
1.061(-0.19) 1.063 0.013 '1.056
1.355(12.40) 1.187 0.031 0.0
1.274(8.32) 1.168 0.003 1.180
(mdyn./rad.)
0.042(19.05) 0.03h4 0.002 0.027
0.055(~3.6k) 0,057 0.0 . 0.028
(mdyn./A) ‘
-0.039(0.0)° " . -0.039 -0.027
0.015{0.0)¢ 0.015 0.016
0.200(46.50) 0.107 0.019 0.107
0.212(65.09) 0.07h 0.023 0.107
(mdyn./rad.)
-0.156(27.56)  -0.113 ° 0.009 0.357
0.238(0.0)¢ 0.238 0.006
~0.257(0.0)°  -0.157 ~0.167
0.368(-3.53) 0.381 0.012 0.388
0.363(13.22) 0.315 0.008 0.381
0.575(~2.26) 0.588 0.013 0.66h4
0.539(10.02) 0. * 0.001 0.485

Others

64407
h.626g;
L.6888;

455"
k. 588"

42618 1.337"
0.550"
0.656"
0.656"

O.thg;
0.7528;
0.7188;

0.760%
f ’
0.7607 ..»

1.0718 -

0.1018" " -

0.4178




36
37
38
39
40
A
42
43
1k
45
U6
b7
48
49
50
51
52
53
sl
55
56
57
58
59

Descriptiona

(Diag. Terms) Atomic Grouping

5B29
SB34
SB28

BB61
BB60
BB55
BB5h
" BBS2
BB53
BB59
BBUYE
BBUT
BBUL
BBL9
BB58
BB56
BBUY2
BBAS
BB62
BB4O
BBLUB
BB50
BB57
BB6Y
BBL3
BBLY
BB63

generalized

"

"

generalized -

HC-CH(trans)
HC-CC{trans)
HC-OH(trans)
CC-OH(trans)
cC-CC{trans)
0C-CO(trans )
CC-CO(trans)
HC~CH(gauche)
HC-CC(gauche)
HC-CO(gauche)
HC-OH(gauche)
CC~-0H{gauche)
CC-CC(gauche)
0C-CO{gauche )

CC-CO(gauche)

THE SIMPLIFIED VALENCE QUADRATIC FORCE FIELD (SVQFF)
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TABLE V (Continued)

APPROXIMATION CONTAINING 59 INDEPENDENT TERMS

Coordinates
Involved

Stretch-Bend

C-H,CCH
C-H,HCH
c-C,CCH

Bend-Bend

HCH, CCH
CCH,CCC
CCH, HCO
HCH, HCO
CCH,CCO
HCO,HCO
HCO,CCO
€Co,CCo
cco,cec
CCH,CCH
HCC,CCe
HCO,COH

- €CO,COR
oee,cee
€C0,CCOo
€Co,cee
CCH,CCH
Hee,cec
HCC,CCOo
HCO ,COH
CCO,COH
cee,cee
€C0,CCo
€co,CCC

Common
Atoms

CH
CH
cec

CH
ce
cH
cH
cc
co
co
co
cc
ce
ce
co
co
cc

cc ..

ce
cc
ce
ce
co
co
ce
ole
ce

Values

Alditols
Final
(mdyn./rad.)
-0.107(-99.06) -0.213
-0.160(0.0)¢ -0.160
0.34h(-32.27)  0.1455
[mdyn.A/(rad.)?]
0.026(-11.54) . 0.029
-0.238(L48.74) -0.122
0.150(8.67) 0,137
-0.027(0.0)° -0.027
-0.110(56.36) -0.0L48
-0.012(0.0)° -0.012
-0.097(-22.68) -0.119
0.063(33.33) 0.0k2
-0.098(135.71)  0.035
0.077(0.0)¢ 0.077
-0.041(0.0)¢ ~0.0b1
0.042(0.0)¢ 0.0k2
-0.052(69.23) -0.016
-0.022(%0.91)  -0.013
0.004(k25.00) -0.013
-0.027(51.85) -0.013
-0.021(0.0)° -0.021
-0.167(5.39) -0.158
-0.123(-119.51) -0.270
0.036(0.0)% 0.036
-0.027(37.04) ~0.017.
-0.047(53.19)  -0.022
0.070{125.71) -0.018
-0.105(81.90) ~0.019

Initial Errorb

o o o o

C.

o O

o O O O

012

.006

.009
.013
.006

.011

.013
012
.025

.013
.012
.013
.010

.006
012

.012
013
.02}
.006

1,5-AHP's

-0.
~0.
.81

-0

-0.
-0.
-0.

167
167

.025
.09k
.135

094
005
09k

0.052

-0.

-0.
-0.
-0.
-0.
-0.
-0.

~0.
-0.!
-0.

Others

0.4788; 0.328"

-0.0318
0.115%

0.1218; 0.127"
0.04g8

-0.0118

0.0048;-0.005"
-0.0528

0.0118;-0.024P

e‘I.e., the descriptive code for the force constant terms as they appear in the potentlal energy distributions.

bThe standard error in the force constants, 0(¢i), is estimated from a matrix developed in the refinement which

approximates the variance-covariance matrix.
Values taken from Pitzner (1).

the initial force constants (6°): % aifrerence =

®Not included in the final refinement.
fvalues taken from Vasko (3,13).
€values taken from Snyder and Zerbi (9).

Byalues taken from Snyder and Schachtschneider (8).
1I.e., the interaction constant applies equally to both methylene and methine atomic groupings.

Q&

'dThe values in parentheses correspond to the percentage %}f{ﬁrence between the final force constants (¢&)'and
' lOO(@.e¢.! '




-52-

the methylene (C-CH2-OH). These are depicted in Fig. 10 and are appropriately

designated in Table V.

l H H

/\ \c/
c \ 0 C / \o

(A) Methine (B) Methylene

Figure 10. Different Atomic Groupings Defined

A similar distinction is made for the constants which relate to valence
angle bending, but not for the torsion'constants or the. interaction constants.
However, a distinction is made between a "trans" and a "gauche" bend-bend inter-
action when they are centered on adj)acent carbon atoms. Figure~ll illustrates
how some of the‘possible interaction force constants are defined. Only nearest
neighbor interactions are considered. This implies that all stretch~stretch
interaction constants must contain a common atom and all stretch-bend and

bend constants must contain two common atoms.
SOLVING THE SECULAR EQUATION

There are many methods for solving secular equations. However, for 1érge
molecules digital computers and methods amenable to machine4computétion must be
used. To compute the eigenvalues, Ak’ of the secular determinant it is necessary

to separate the GF, matrix product from the Akg'product inlEquation (1) such that

GFL, = AEl, - A o (10)
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Stretch- Stretch j‘\: |
0 H
ANV
cf/fc‘\\*c A

Stretch-Bend |
Bénd—Bend | | .
» H H | o
C/Ck ﬁ o , | trans

RIS 2 | - H
0 s g

Figure 11. Some Interaction Ferce Constants Defined

There will be equivalent expfeséibns for each Ak. These equations can be

combined. The vibratibnal equation can then take the form
C GEL = LA S (11)

where A is'a diaéonal matrix of the frequency parameters,'kk, and L is the

transformation from normal éoordinates; Q, to internal coordinates, S, such that -
. . o~ 'A'.

g =

~ ~9," ‘

(12)

Equation (11) can be solved by successive diagonalization using a digital com~
puter. Although the product GF is not a symmetric matrix, it can be diagonalized
by diagonalizing the two symmetfic‘g and}E,matrices. The basic steps are shown

in Fig. 9. The details are presented by Schachtschneider (7,1819).
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The E;matrix is first diagonalized by an orthogonal transformation to give

&'GA = DD, (13)
or
S = ADDA | S ab

where A is the orthogonal eigenvector matrix of G, and D is a diagonal matrix
whose elements are the square roots of the eigenvalues of G. A transformation

matrix‘g defined as

H =52 (15)
is then formed and applled to thefg matrix. A symmetric matrixf@ results.,

H = W'FW. (16)

~ Adns

The H matrix is symmetric since‘é is orthogonal and D is diagonal. To solve
the secular equation,lg must then be diagonalized. The Jacobi method is used.

The result may be expressed as

.t

“1gn — ~—1 _ )
CHG = CTUWUENC = A ~an
where‘A is. the diagonal matrix of frequency parameters.

To calculate the normal coordinate associated with each normal mode, the
L matrix must be computed. Recall that the [ matrix is the transformation from
normal coordinates to internal coordinates. Multiplying Equation (17) from the

left by first C and then E,results in the following expression
(18)

Since WW' = G, Equation (18) becomes
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GFWC = WCA. (19)

Comparing Equations (11) and (19) it is obvious that the L matrix may be defined

as

L = WC, (20)

The eigenvalues which result from Equation (17) are directly related to the
fundamental frequencies. The frequencies of the three alditol molecules
selected for the refinement procedure were calculated using Pitzner's force
constants developed for the 1,5-AHP's (see'Tabie V). The frequencies are

listed in Table VI.
OPTIMIZATION OF THE FORCE CONSTANT PARAMETERS

The objective of the refinement is to minimize the least squares deviation
between the observed and calculated frequency parameters. In the process an
initial set of force constants are optimized using the Fletcher-Powell minimi-
zation algorithm. As shown in Fig. 9 the first step in the refinement results

in the formation oflg; the Jacobian matrix having elements (Bkk/BFii)gu'JThejJ

- —

matrix is computed indirectly from the L matrix defined in Equation (20), since

=12 ¥
Jki = Lik = Bkk/BFii. (21)

The three general steps of the Fletcher-Powell algorithm are as follows:

(1) Compute a gradient vector §;~having elements g% = (ag/aéi)53 where
5% represents the ith element of the gradient vector after r

iterations.
(2) Determine a direction along which to make a desired move.

(3) Compute a step-size, t, and move in the desired direction.
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TABLE

VI

CALCULATED FREQUENCIES FOR THE ALDITOL MODELS
BASED ON PITZNER'S FINAL FORCE CONSTANTS
LISTED IN TABLE V

Ribitol,

v, cm !
3356 1158
3356 1100
3356 1080 -
3356 1059
"3355. 1028
2979 1021
2960 963
2938 939
2924 878
2915 8L6
2898 729
2876 566
1485 489
1456 L67
k2t 390
1403 323
1393 201
1362 255
1348 249
1299 2kl
1287 242
1280 222
1270 215
1255 191
1242 176
1238 159
1221 120
1210 105
1208 80
1164

61

Xylitol
Vv, cm

3356
3356
3356
3356
3356
2978

2975
2938
292k
291k
2882
2880

14hs5
1hhlh
1438
1k11
1386
1358

1324
1306
1299
1288
1266
1262

1249
1237
1233
1207
1187
1181

-

1145
1118
1094
1068
1058.
983

956
93k
896
860
67
5Tk
463
399
366
327
292
266

262
251
250
230
201
181

172
159
1k2
97
75
70

Erythritol,
v, cm !
3356 1130
3356 1089
3356 1059
3355 1008
2950 865
2947 779
2925 686
2903 583
2877 Lok
2870 Ll
1550 h12
1495 368
137h 27T
1322 262
131L 250
1298 . 247
1296 234
1284 226
1266 153
1250 136
1223 121
1213 106
1182 78
1137 42

The calculation of the J matrix and the subsequent formation of the JZ

matrix are necessary steps in the computation of the gradient vector.

matrix notation gz-may be written as
~N

r r
= - 2(J
& = - 2

~

%) 'PAAT
PadiiR a4

In

(22)
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where BA= is defined to be a matrix of the elements AM:- = ])\ -
1 k(obs.)

r

)‘g(cal. ) |-

From Equation (22) it is evident that when ’gla is zero, either M is
zero, and the experimental frequencies are fitted exactly, or (AJ,{AZ,)' is singular

and Q, the sum of the squared residuals, is not and cannot be zero.

The increment added to the force constants, A@E, after each iteration

is calculated indirectly from the following expression

= _ ry—-1 Y ) .
Ag—-(D)g/ (23)

o

ro. . . .
whereA]; is a Hessian matrix having elements

D a2
DiJ_ = 32Q/30,3¢ (2h)

j°
The approach used in the Fletcher~Powell method to calculate AEE approximates

the Hessian matrix Q£ at each iteration. Essentially, a positive definite

matrix, Er-, which is initially an identity matrix, is updated at each iteration.

The procedures. for approximating B£ at each iteration are discussed by
Fletcher and Powell (22). However, it can be readily seen from Equation (23)
that if l{j is initially an identity matrix the direction of movement will be
along the negative gradient (—%E-) as in the method of steepest descent. As A}LE
approached ,1\),3, the Hessian matrix, the direction of movement is different from
the path of steepest descent and an approximation to the Hessian in the neighbor-

hood of the optimum is generated. The use of the Hessian, or an approximation

to the Hessian, indicates an attempt to use second-order information. , The

Where the H matrix is to be distinguished from the H in Equation (16).
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method of steepest descent which is utilized by linear least -squares techniques,
like that of Snyder-Schachtschneider, uses only gradient or first-order infor-

mation.

To approach’Qg-a direction vector must be found and a step-size, Em’ calcu-

lated at each iteration. The latter calculation occurs in three stages. The

first estimates the magnitude of Em, the second determines an interval containing

tm, and the third cubically interpolates the value of Em'

The Initial Force Constants

There are no decisive methods for selecting an initial set of force constants.
At the outset, some modifications in Pitzner's SVQFF were made in anticipation of
some differences between the constants descriging these two molecular systems.
As mentioned previously, the valence bond constants associated with the methylene
atomic groupings in the alditols were distinguished from those associated with o
the methine atomic groupings. In addition, some changes in the off-diagonal bené—
bend interactions were made. Both Sn&der, et al. (2) and Pitzner grouped a
number of related interaction constants together (i.e., their values were assumed
to be similar). In the SVQFF for the alditbls, the nearest neighbor bend-bend
interaction constants were separated. Distinctions were not, however, made with
regard to the atomic groupings associated with the various types of interaction

constants.’

Pitzner noted that the contribution of the CO.stretdh—bend interactions to
the 1,5-AHP force field was a major difference between the force fields of THP
and the 1,5-AHP compounds. In view of this observation, a series of trial adjust-
ments were made to those constants associated with the methylene atomic groupings

(i.e., the terminal carbon atoms). Independent adjustments to the stretch-bend
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and bend-bend interaction constants associated with the skeletal coordinates were
made also. In the process of exploring how perturbatioﬁs to the values of theée
constants affected the computed frequency distributions, a new set of initial
constants evolved. The values of the initial constants used in final refinement

are given in Table V.

Termination of the Force Constant Refinement

The refinement is terminated if either of the following two conditions are
satisfied. - The first condition requires that all the corrections to.the force .. . -
constants, A@i, be less than or equal to an arbitrary constant of 0.0001. The..
second condit;gn requires that the ratio of the successive weighted sums of
squares of the residuals be greater than a fractional constant of 0.995. 1In
order to check against premature‘convergence, the latter condition may be required

to be met ‘several times before actual termination is initiated.

RESULTS

If one of the criteria for convergence is satisfied, the secular equation
[i.e., Equation (11)] is solved one last time, as shown in Fig. 9. The final
refinements terminated after 17 perturbations aftef having satisfied the first
condition (i.e., all corrections to the force constants were less than 0.0001).

In this calculation 128 observed frequencies (from ribitol, xylitol and erythritol)
ﬁeré ﬁ;ed to adjust 45 independent force constants. The 17 perturbations consumed

approximately 7 1/2 hours of IBM/44 360 CPU time. Both the initial and final set

5’I‘he final refinement represents only one of a series of refinements. The
success of any refinement was determined by a number of criteria defined by
the constraints placed on the refinement process. The three most important
constraints were: (1) an improved correlation between the experimental and
calculated frequencies; (2) a plausible potential energy distribution; and
(3) reasonable changes in the values of the force constant parameters,
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of force constants, and a comparison of the two, are given in Table V along
with the estimates of standard error.6 The estimated errors must be viewed as
upper limits, however; because they are derived from the diagonal elements of
the final»ﬁ?-matrix and only approximate the least squares variance-covariance
matrix. The approximation is known to be a poor one unless the number of iter-

ations approaches the number of parameters undergoing adjustment Lé;).

The vibrational frequencies, the potential energy distributions, and the
cartesian displacement coordinates for each molecule have been calculated. The
less important data have necessarily been excluded from the text of this thesis
but can be generated from the data presented. Since, the cartesian displacement
coordinates provide complementary information about the molecular vibrations
they are excluded. The potential energy distribution:'is defined as the way in
which the displacément of each internal coordinate contributes to the potential
energy of each normal vibration. The relative contribution of the displaced
internal coordinates to the total potential energy associated with each normai
coordinate are given in Appendix III.7 The fractional contribution of each force
constant, Qk’ is also evaluated (see Appendix III).8 The information derived

from these distributions describe the vibrations and formulate the bases for

the spectral interpretations given.

Error estimates do not exist for those constants.held fixed during the refine-
ment. The OH constants were not refined. Also interaction constants found to
be insensitive to the data were excluded. Error estimates on these latter
constants would be meaningless. :
7The % contribution = L2 F../Xk.

-ik-1i' 'k
1310

8The % contribution = JZ
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Ribitol

The frequencies calculated from the final set of forcé constants given in
Table V are listed in Table VII and assigned to corresponding experimental
frequencies. The average error between the caléﬁlated and e#periméntai ffeqﬁén—
cies is 9.0 cm-1.9 The approximate motions which describe each of the calcu~
lated modes are also given in Table VII. The more ambiguous motions are illus-
trated in Fig. 12. These descriptions are based on the potential distribution:

associated with each calculated mode. The dominant internal coordinates and

potential constants are given in Table XXXV..

Xylitel '

The céiculated frequencies, their respective assignments and band inter-
pretations are listed in Table VIII. The average error between the calculated
and experimental fréquencies is 9.4 em !. The dominant internal coordinates and

potential constants are given in Table XXXVI.
Erythritol

The calculated freguencies, their respective assignments and interpretations

are tabulated in Table IX. The average error is 9.6 cm . The dominant internal

coordinates and potential constants are given in Table XXXVII.

e average error (mean deviation) is a term commonly used in the literature to
represent the average difference between the calculated and assigned experi-
mental frequencies. The OH stretching frequencies were excluded from the error
computation. The Raman frequencies were used whenever possible due to the poor
resolution of many of the infrared bands.
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TABLE VII

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF RIBITOL

Band Assignment

Experimental . . a
Av, v, _ &EEEEE%EEQ 2&2222%222 Spectral Interpretation,
Raman, cm ! IR, cm ! v, cm ! cm ! approximate motion
3351.8 OH stretch (str.)
33h0(vs,b)b 3351.8 OH str.
3250(vs,b) 3330.8 OH str.
3330.8 OH str.
3330.1 OH str.
2972(s) 2968.4 3.6 asymmetric . (asym. )
methylene CH str,
2965(s) 2960(vs) 2949.1 15.9 asym. methylene CH str.
2949(vs) 293Lk.0 15.0 methine CH str.
2928(s,sh)®  2928(vs) 2922.8 2.2 methine CH str.
2922(s) ’
2913(sh) 291k .7 -1.7 methine CH-str.
2900(s) 2901.7 -1.7 symmetric (sym.)
methylene CH str.
2887(s,sh) 2893(s,sh) 2880.8 6.2 sym. methylene' CH str.
2858(vw)?  2853(w,b)?
1482.6 methylene CH, scissor
coupled with methylene
CHa, wvag
1469(s) 1467(s) 1471.5 -2.5 methylene CH, scissor
coupled with methylene
. CHy wag
1452(s) 1458(s) 1k52.0 0.0 methine CH deforpation
(op and ip bend)
1433(w,b) 1422(m,b) 1426.6 6.4 methine CH deformation
coupled with OH ip bend
1378(w,b) 1381.1 -3.1 methine CH ip bend
1364 (m) 1368.1 -h.1 methine CH op bend
13k2(s) 1344(m) 1353.7 -11.7 methine CH deformation
coupled with methylene
CHy wag
1328(m) 1331.4 -3.4 OH ip bend coupled with

CH deformation; methylene
CH, wag and twist
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TABLE VII (Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF RIBITOL

Band Assignment

Experimental . a i
v, v, _ Calculfted leferfnce ‘Spectral Interpretation,
Raman, cm ro. IR, cm 1 VvV, cm ! em ! approximate motion
1317(vw,b) 1312.5 | 4.5 CH deformation coupled
with methylene CH, twist;
OH ip bend
.1295(m,sh) 1295.3 -0.3 CH ip bend coupled with
. methylene CHp; twist
1285 (m) 1289(w) 1292,3 -3.3 CH ip bend coupled with
OH ip bend
1270(s) 1268.9 1.1 OH ip bend
1265(sh) 1265(w) 1265.0 OH ip bend coupled with
' ' j methylene CHp twist
1246(m) 1252.5 -6.5 methylene CHp, twist .o. o
coupled with OH ip bend
1237(w,b) 1231.8 5.2 methylene CH, twist
coupled with OH ip bend
1222(w,b) 1213.8 8.2 methylene CH, twist
coupled with OH ip bend
1209 (w) 1202.1 6.9 OH ip bend coupled with
. methylene CH, twist
1135(s) 1133(m) 1154.0 -19.0 CC str. coupled with
some OH ip bend
1118(s) 1117(s) 1138.5 -20.5 CC str. coupled with
some CO str.
1092(w,sh) 1098(vs) 108L4.8 7.2 OH ip bend coupled with
methylene CH, rock and
o twist and CC str.
1078(s) 1074 (s) 1073.2 4.8 CC str. coupled with CO
str. and OH ip bend
1066(s) 1068(sh) 1057.8 8.2 CO str. coupled with CC
str., OH ip bend, meth-
ylene CH; rock and
twist
1054 (s)¢ 1049(m) 1046.8 5.2 CO str. and CC str.
1050(s) 1045(m) coupled with OH ip bend,
methylene CH, deforma-
. tion
1037(m) 1032(vs) 100L.3 32.7 CO str. coupleéd with CC

str., and OH ip bend
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TABLE VII (Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF ‘RIBITOL

Band Assiggment

Experimental . a .

av, vV, _ Calculfted leferfnce Spectral Interpretation,
Raman, cm 1 IR, cm 1 Vv, cm 1 em ! approximate motion
948(s)° oL8(w) 969.2 -18.2 CO str. coupled with

methylene CH, rock and
twist, OH ip bend

915 (w) 912(s) 935.7 -20.7 CO str. coupled with OH
’ ip bend, CC str., and
methylene CH, rock and

twist
893(vs) 888(vs) 870.0 23.0 CC str. coupled with CO
str. and OH ip bend
860(vs) 859(s) 852.3 11.7 CO str., CC str., coupled
with some OH ip bend
T49(s) T48(s) 758.6 9.6 CO op bend coupled with

CC and CO str.
695 (vvw,0)d  692(m;b)%
628(m,b) 624(s,b) 609.7 18.3 CO op bend coupled with
CC skeletal bend

575(vvw,b)®  57h(s,vb)d
529(s) 529(m,sh) s2k.0 5.0 CO deformation coupled
with CC skeletal bend
478(m) 470(m,sh) 490.6 -12.6 CO op bend coupled with
some CC str., CC skeletal
bend
458 (m) 453(m,sh) 4L26.3 31.7 CO deformation coupled
with OH op bend
388 (vw) 380.7 7.3 OH op bend coupled with
CO deformation (ip and
op) '
351(m) 347.0 4.0 OH op bend
339.3 OH op bend
333.4 OH op bend
327(m) 326.7 0.3 OH op bend
310(w,b) 305.5 L.5 OH op bend coupled with -

CC skeletal torsion; CO
deformation; CC skeletal
bend
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TABLE VII {(Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF RIBITOL

Band Assignment

Experimental . a "
Av, v, _ Calculﬁted leferfnce Spectral Interpretation,
Raman, cm 1 IR, cm 1 Vv, cm 1 em ! approximate motion
274 (m,b) 266.7 7.3 CO deformation coupled
with OH op bend; CC
skeletal torsion .
234 (w,b) 252.9 -18.9 CO deformdtion coupled
, with CC skeletal bend
209 (m) 218.6 -9.6 CC skeletal torsion
: coupled with CC skeletal
bend ¢
202(m) 192.3 9.7 CC skeletal torsion
coupled with CC skeletal
bend
17k.9
g 124.8 |
116.0 mainly CC skeletal
85.1 torsion
1.4
Average error = 9.01 -
&Difference = obs. freq. (Raman) - calc. freq.

bConventional symbolism indicating relative intensity: vs = very strong; s =

strong; m

= medium; w = weak; v = very; b = broad; sh = shoulder.

cApparent correlation field splitting; the approximate midpoint between the
split bands is used in the difference calculation.

dSuspected overtone or combination band.

®Deformation denotes a less specific valence angle bend. '(Ip = in-plane and
op = out-of-plane.)
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‘methylene asym. methylene sym. methylene ip bend
- str. (CH,) str. (CH,) | or "scissor” (CH,)

®OH H® ®H HO H ' H

\
\

\

methylene op bend methylene op bend methylene ip bend
~ or "wag" (CHp) or "twist" (CH,) or "rock” (CHy)
0 H ’
VA
H.

methine ip bend metlhine op bend | CO ip bend
(CH) , o _(CH) (CH)

€O op bend "OH ip bend OH op bend

Figure 12. The Descriptions of Several of the Atomic Group
' Vibrations Referred to in Tables VII-X.
(Pand C Indicate Movement Perpendicular to
. the Plane of the Page.) (Ip = In-Plane and
op = Out-of-Plane)
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TABLE VIII

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF XYLITOL

- Band Assignment
Experimental Calculated Difference®

Av, v, — — Spectral interﬁretation,
Raman, cm 1 IR, cm 1 Vv, cm ! em ! approximate motion
3435 ' 3hzo(vs,b)b 3351.6 OH stretch (str.)

3362 3360(vs,b) 3351.5 OH str.
3302 3290(vs,b) 3330.8 OH str.
3330.4 OH str.
3330.3 OH str.
2998(s) 2997(s) 2966.9 3.1 asymmetric (asym.) meth-
ylene CH str.
2972(w) - 2972(m) 2963.9 8.1 asym. methylene CH str.
2957(vs) 2955 (m) 293k.2 22.8 methine CH str.
2948(s) . 29L5(s) 2922.9 25,1 methine CH str.
2915(m) .  2916(vs) 291k4.1 0.9 methine CH str.
2900(vs) - 288L4.3 15.7 symmetric (sym.) meth-
: ylene CH str.,
2889(sh) - : 2882.7 6.3 symmetric methylene CH
str.
1464 (vs) pr co 1463.3 0.7 methylene CH, scissor
coupled with methylene
. CH, wag
1452(sh) 1462.5 -10.5 methylene CH, scissor
coupled with methylene
CHy wag
14ho(vw) pr 1439.6 0.4 . CH op bend coupled with
. methylene CH; deformation
142k (sh) pr 1435.2 -11.2 methine CH deformation

coupled with methylene
CH, deformation, OH ip

bend
1407 (w) 1L09(s) 1396.8 10.2 methine CH op bend, meth-
' ylene CH; wag, OH ip bend
1374 (w) 137k(s) 1362.1 11.9 methine CH ip and op bend

coupled with some meth-
ylene CHz wag
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TABLE VIII (Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF XYLITOL

Band Assjignment

Experimental

Av, ' v, _
Raman, cm ! IR, cm 1
1352(vw,b) 1351(s)
1346(w,sh)
1335(w) 1331 (vw)
1319(m) 1312(s)
1308(m) 1305(sh)
1298(w)
1281 (s) 1280(s)
1243(m) 1248(m)
1231 (w)P¥
1225(w)P*
1219(w)P¥ 1218 (vw)
1122(sh) 112k (vs)
1110(s) 1111 (vs)
1094 (vs)© 1094 (vs)©
1089(sh) 1087(vs)
1073(vs) 1076(sh)
1061 (vs) 1067 (¥s)

Calculated Differencea
v, cm ! cm !
1355.7 -3.7
1347.8 -1.8
1323.8 11.
1320.8 -1.8
1297.0 11.0
1295.5 2.5
1274.3 6.7
1245.2 -2.2
1233.9 -2.9
1213.5 11.5
1199.2 19.8
1114.0 8.0
1109.5 0.5
1087.3 b7
1070.0 3.0
1059.6 1.4

Spectral Interpretation,
approximate motion

methine CH op and ip bend
coupled with OH ip bend
and methylene CH, wag

methine CH op bend

methine CH ip bend coupled
with OH ip bvend

methine CH ip bend; some,,
OH ip bend

OH ip bend coupled with
CH op bend

methine CH ip and op bend’
coupled with OH ip bend

methylene CHp twist
coupled with OH ip bend

methylene CH, twist
coupled with OH ip bend;.
methine CH op bend

OH ip bend coupled with
methylene CH, twist

OH ip bend coupled with
methylene CH, twist

méthylene CH, twist
coupled with OH ip bend

CC str. coupled with some
OH ip bend

CC str. coupled with some
OH ip bend

CC str, coupled with CO
str. and OH ip bend

OH ip bend coupled with
CO str., methylene CHj,
twist and rock

CC str. coupled with CO
str. OH ip bend and meth-
ylene CH, twist and rock




INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF

-69-

TABLE VIII (Continued)

Band Assignment

Experimental
Av, . vV,
Raman, cm IR, cm *
1032(vw)
1007(m) 1010(vs)
960(vw)
921{m)°
914 (m)
889(s) 887(s)
858(vs) 860(vs)
750 (vvw) Th2(vs)
698(sh)d
600 (vvw) 598(s)
563(s)%"
520(w) 520(vs)
Lek (w)
Lo8(vs) 433(w)
385(w)
360(vs)

Calculated

v, cm !

1028.9

1009.8

97h.8

928.8

893.3

842.8

773.1
613.5

511.0

437.0

398.9
371.3
360.7

349.8
335.k4

334,1

Differencea

em !

3.1

4.3

15.2

27.0

29.1

13.7

-0.7

XYLITOL

Spectral Interprététioh,l
approximate motion

CO str., CC str. coupled,
with OH ip bend, methylene
CH, rock and twist

CO str., CC str. coupled
with methylene CH, deforma-
tion

CO str., coupled with OH

ip bend, CC str.

CO str., coupled with OH
ip bend, methylene CH,
rock and twist, CC str,.

CO str., CC str., coupled '
with OH ip bend, methylene
CHy rock and twist

CO str., CC str. coupled
with OH ip bend

CO op bend
CO op bend

CO op bend coupled with
CC skeletal bend

CO op bend coupled with
OH op bend, CC skeletal
bend

CO op bend coupled with
OH op bend

OH op bend coupled with
CO op bvend

OH op bend coupled with
CO op bend

OH op bend

OH op bend coupled with
some CO op bend

OH op bend
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TABLE VIII (Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF XYLITOL

Band Assignment

Experimental % . a o
Av, _ v, _ Calculf ed leferfnce Spectral Interpretation,
Raman, cm ! IR, cm ! Vv, cm 1 em ! approximate motion

324 (m) 321.0 © 3.0 OH op bend

297(w)

277(w) 275.9 -2.9 CO 4ip bend coupled with
OH op bend, CC skeletal
torsion

243 (vw) 241.2 1.8 CO bend deformation
coupled with OH op bend;
CC skeletal torsion CC
skeletal bend

226(w) 215.5 10.5 CC skeletal torsion

207 (m) 197.9 9.1 CC skeletal torsion

172.2
1kk.0 mainly skeletal torsion
102.3 modes
87.9
74.5
Average error = 9.51

&pifference = obs. freq. (Reman) - calc. freq.

bConventional symbolism indicating relative intensity: vs = wvery strong; s =
strong; m = medium; v = weak; v = very; b = broad; sh = shoulder.

cApparent correlation field splitting; the approximate midpoint between the
split bands is used in the difference calculation.

dSuspected overtone or combination band.

eDeformation denotes a less specific valence angle bend. (Ip = in-plane and
op = out-of-plane.)

prPoor spectral resolution.
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TABLE IX

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF ERYTHRITOL

Band Assignment

Experimental . a '
“Av, vV, _ Calculited leferfnce Spectral Interpretation,
Raman, cm 1 IR, cm 1 v, cm 1 cm ? approximate motion
' 3351.7 OH stretch (str.)
3351.6 OH str.
3285(b)® 3331.0 OH str.
3250(b) 3330.9 OH str.
2972(vs) 2975(vs) 297k, 1 -2.1 asymmetric (asym.) meth-
Lo . ylene CH sitr.
2963(vs) 2965(vs) 2964.5 -1.5 asym. methylene CH str.
2930(s) 2935(s) 2921.7 8.3 methine CH str.
2919(m) 2918(vs) 2909.9 9.1 methine CH str.
2903(vs) 2902(m) - 2872.3 30.7 symmetric .(sym.) methylene
CH str. )
2890(sh) 2867.5 22,5 sym. methylene CH str.
1469(s) 1469(m) 1498.0 ~29.0 methylene CH; deformation
(scissor and wag)
1450(w) 1456(s) 1457.8 0.2 methylene CH,; deformation
(scissor and wag)
1415(w) , 141k (vs) 1418.2 -3.2 methine CH ip bend; CH
. op bend
1373(w) 1375(w,sh) 1369.8 3.2 methine CH ip bend
' coupled with OH ip bend
1366(w) 1366(m) 1353.6 12.4 OH ip bend coupled with
. methylene CH; wag
1324 (vw) 1331.4 -T.4 methine CH op bend
coupled with OH ip bend
1306 (vw) 1307 (w) 1320.2. -1h.2 methylene CH, wag and
twist coupled with OH ip
bend; CH op bend
1273(m) 1271(s) 1276.4 =4k OH ip bend coupled with
CH ip bend
1254 (s) 1250.0 4,0 methylene CH, twist

coupled with OH ip bend;
methine CH op bend

1245(sh) 1245.2 0.2 methylene CH, twist
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TABLE IX (Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF ERYTHRITOL

Band Assignment

Experimental . a
Av, v, _ Calculfted leferfnce Spectral Interpretation,

Raman, cm 1 IR, cm ! Vv, cm 1 em ! approximate motion

1236(m) 1230.7 5.3 methine CH op bend
coupled with methylene
CH, twist and wag; OH
ip bend

1216(m) 1205.3 10.7 methine CH ip and op
bend; some CC str.

1121 (m) 1121 (vw) 1148.8 -27.8 OH ip bend; CC str.
coupled with some CH,
twist and rock

1107(s) 1128.4 -21.4 CC str. coupled with
methylene CH, twist; OH

. ip bend '

1068 (w) 1078(vs) 1065.5 2.5 CO str., OH ip bend

1053(vs) 1060.5 -7.5 CO str.

1040 (m)°® 1038(sh) 1030.2 4.8 CO str., OH ip bend

1030(m) i

968 (vs) 973.0 -5.0 CO str., OH ip bend,
CC str.
918(vs) 918 (vw) 891.2 26.8 CC str., CO str. coupled
with some methylene CH,
rock
874 (vs)® 880(vs)® 837.8. 30.2  CC str., CO str. coupled
862(s) 865(s) with some methylene CH,
709(Sh)c . rock .
698(vs) 692(vs) 699.2 -1.2 CC str. coupled with CC
672(sh) skeletal bend
620(vs) 611.5 8.5 CO op bend; some CC str.
545.0 CO op bend
486(m) 488(m) 485.4 0.6 CO op bend, CC skeletal
bend and some OH op bend
431 (m)¢ 431.4 -L.4 methylene CH, deformation
422(m) (mainly op) coupled with
OH op bend, CC skeletal
bend
383(m) 378(vw) 378.3 L.7 CO op (ip also) coupled

with OH op bend
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TABLE IX (Continued)

INTERPRETATION OF THE VIBRATIONAL SPECTRUM OF ERYTHRITOL

Band Assignment

Experimental . a
Av, . v, 92&23;%329- 23££S£§EE§- Spectral Interpretation,
Raman, cm ! IR, cm 1 Vv, cm ! cm ! approximate motion
370.2 OH op bend coupled With
_ some CC skeletal torsion
350(vw) 348.2 1.8 OH op bend
335.h4 OH op bend
312(w) 327 .4 : -15.4 OH op bend
263(m) - 273.5 -10.5 CO op bend coupled with
methylene CH; op bend
2L5(w) 242.0 3.0 CC skeletal bend coupled
with CC - skeletal torsion
158.2 w
149.3
125.7 mainly skeletal torsion
? and bending modes
91.6
T5.4
o5 |
Average.error = 9.8k

8pifference = obs. freq. (Raman) - calc. freq.

Conventional symbolism indicating relative intensity: vs = very strong; s =
strong; m = medium; w = weak; v = very; b .= broad; sh = shoulder.

CAppa.rent correlation field splitting; the approximate midpoint between the
split bands is used in the difference calculation.

dDeformation denotes a less specific valence angle bend. (Ip = in-pléne and
op = out-of-plane.)
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D-Arebinitol

The normel modes of D-arabinitol were calculatedlo using the constants

modeled from ribitol, xylitol, and.erythritol without any additional refinement..

The calculated freguencies and the approximate motions .describing each mode are
given in Table X. In Table X both the calculated frequencies of D—araﬁinitol
and the observed frequencies (Raman and IR) of D-arabinitol and D,L-arabinitol
are given., The average errors are 7.9 and 9.5 cm_l, respectively. The dominant

internal coordinates and potential constants are given in Table XXXVII.

loThe<calcul’ia.ted frequencies are based on the structure of D-arabinitol as it

exists in the D,L mixed crystal (20).°




D-Arabinitol

Av,
1

Raman, cm '

2990(w,sn)?
2977(n)

cs

2947 (vs)
2939(vs)

2920(5,5@) v

2910(ys,b) .
2882(m,sh)

149k (s)
1b6k(s,sh)

1454 (s)
1440(w,sh)

1395 (vw,b)2

1375(s)
1357(s)
1333(vs)

1304(s)

1294 (m)
1280(m)

l268(s,shf

1260(vs)

\,’
IR, em !

3350(vs )¢

3330(vs,b)

© 3220(vs,b)

2971(w)
2957 (m,sh) °

2945(s)°"
2939(s)

2Q21(ﬁ)

' 2906(m)

1491 (w,sh)

© 1462(m,sh)P"

1450(m,sh )"
1440(s,b)F"

1395 (vvw)?
1372(m)
1352(vvw) -
1330(m,sh)
1314 (m)

1304(w,sh)

1293(vw,sh)

1280(vw)

© 1268{vw,sh)

1259(w)

_Band Assignménts
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TABLE X

Difference’  Calculated® Difference’
em ! v, em _cm_l
3351.7
3351.5
3330.8
3330.8
3330.8
-5.8 2982.8 -16.8
2956.0
2933.9 11.1°
-1.3 2921.3 -1.3
-3.6 2913.6
~14.2 2896.2 -19.2
2864 .8 3.2
18.0 1476.0 10.0
2.6 1461.4 3.6
12.3 14k1.7 12.3
7.6 14324 -7.4
~T.h4 1382.4 -T.4
~12.9 1369.9 -27.9
-0.6 1333.6 -10.6
-10.5 1324.5 -12.5
5.0 1299.0 - 3.0
0.8 1293.2
~5.1 1285.1
-2.6 1270.6 0.k
-1.1 1 0.9

See.end of table for footnotes.
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AN INTERPRETATION OF THE VIBRATIONAL SPECTRA OF D AND D,L~ARABINITOL

D,L-Arabinitol

Av,

Raman, cm

2966{vs)
2945(vs)
2920{vs)
2877(sh)

2868(w,b)
1486(s)

145k (s)

1406(m)d
1375(m)
13k2(s)

1323(vw,b)

1302(w)

1271(s)

1262(m)

v

4 -
IR, cm !

3350(vs)®

3295(vs,b)
3215(vs,b)

2945(vs)

2919(s)

2870(sh)
2865(m,b)
1481 (m)

1465 (m,sh)PF

1448(s)
1425 (m,b)F"

1395(m,sn)?
1372(w)
1340(m)
1325(m)
1312(m)

1298(w)

1265(w,sh)

. Spectral-Interpretation,

approximate motion

OH stretch (str.)-
OH str.
OH str.
OH str.
OH str.

asymmetric (asym.) CH str.
asym. CH str.,
CH str.

CH str.

CH str.

symmetric (sym.) CH str.
sym. CH str.

methylene CHz scissor
and some wag

methylene CHz scissor
and some wag

methine CH ip and op bend

methine CH ip bend coupled
with OH ip bend

methine CH op bend
methine CH op bend
methine CH ip and op bend

methine CH op coupled
with OH ip bend; methylene
CH, wag and twist

methine CH ip bend coupled .
with some methylene CH»
wag and twist

OH ip bend coupled with
methine CH op and ip bend

OH ip bend coupled with
methine CH ip bend

methine CH ip bend coupled
with OH ip bend; methylene
CHp twist

methine OH ip bend coupled
with methine OH ip bend
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TABLE X (Continued)

AN INTERPRETATION OF THE VIBRATIONAL SPECTRA OF D AND D,L-ARABINITOL

,Band Assignments

D-Arabinitol - & —b D,l~Arabinitol
Av, v, _ Difterfnce Calc“lﬁtEd Differfnce v, v, _ Spectral Interpretation,
Raman, cm ! iR, cm * en ! v, cm ! cm”? Raman, cm ! IR, cm ! approximate motion
1237 (w)PT 1234 (vw)P" -9.3 1246.3 -16.3 1230(s) methylene CH, twist and
wag; some OH ip bend
1219.1 methylene CH; twist and
wag
1213(w)F" 1211 (w)FF 5.0 1208.0 1.0 1209(w) 1205(m) methylene CH, twist and
wag; some OH ip bend
1190.7 OH ip bend coupled with
methine CH ip and op bend
11bh2(vs) 1140(m) 2.0 11bk1.0 -8.0 1133(vs) 1132(w,sh) CC str., CO str. coupled
‘with OH ip bend
1124 (m) 1122(m) 8.1 1115.9 -0.9 1115{(m) CC str. coupled with
methylene CHz rock and
twist
1109(m) 1102(s) : 1.0 1108.0 2.0 1110{m,sh) 1109{s,sh) methylene CHp rock and
. twist coupled with CO str.,
OH ip bend
1089(sh)°®  1088(vs)®® 5.7° 1082.3 1.7 1085 (m) 1090(vs)®® cC str., CO str.
1086(m) 1085(vs,sh) : . 1081(vs)
1069(w)® 1069(s)?
1057(vs)®®  1055(s,sn)®® - -17.2° 1070.2 -9.2 1061 (vs) 1055(sh)"® €O str., CC str. coupled
1049(s,sh) 1050(vs) . 1053(vs) vith OH ip bend
1028(w) 1028(vs) 8.7 1019.3 17.7 1040(m)°®® 10L0(vs) CO str. coupled with OH,
. . 1035(m) ip bend; methylene CH,
. rock .
1016(m) 1015(s,sh) 5.7 1010.3 1.7 1025(w,sh) 1025(vs) CO str., CC str. coupled
with methine OH ip bend
- 997(m) 995(m) 27.3 969.7 26.3 996(s) 990(vs) CC str., CO str.
951(s)®® 950(m,sh) 10.3¢ 937.7 0.3 938(s) 933(vs) CO str.,, some CC str.
945(m,sh) 943(m) , . coupled with OH ip bend
909(w)2 905(m)? '
887(vs)¢® 885(m) 13.2° '896.2 1h.2 882(vs) 878(s) cC str., CO str.
878(vs) 877(m)
867(s)°® 866(m) ' 1.3¢ 858.7 ~3.7 855(s) 850(w) €O str., CC str. coupled
855(s) . 855(m) , with some methine CH op
] bend; OH ip bend
782(m)% 780(w)% o782(w)? 773(m,b)%
736(w,)%  735(m,b)%
697(m,b) 692(m,b) ~21.1 718.1 ~10.1 708(s,b) 712(s,b)cs CO op bend coupled with
694(s,b) €0 str., CC str. and CC
. " skeletal bend
647(m) 643(s) 20.6 626.4 23.6 649(m) 642(vs) CO op bend coupled with
some methine CH op bend;
CC skeletal bend
595(vww)®  595(vw,b)? 7590.6
540(vw)? 538 (vyw)? 540(w,sh)?  535(vw,sh)
528(m) 526(m) 528(m) 522(s) CO op bend
491(s) 495(m) 10.5 4180.5 ~2.5 L78(vs) L70(s) CO op bend coupled with
: : CC skeletal bend; some CC
str., CO str.
472(s) L70(wW) 7430.1 . CO op and ip bend coupled
with CC skeletal torsion;
OH op bend

See end of table for footnmotes.




TABLE X (Continuea)

AN INTERPRETATION OF THE VIBRATIONAL SPECTRA OF D AND D,L-ARABINITOL

. Bend Assignments

Av’D—Arabinitolv’~ Difference Calculfted“ Differfncéb Av?,L-Arabinitoi'
Raman, cm ! IR, cm ! cm ! v, cm ! em ? Raman, cm ! IR, em !
sos(wn)d  500(vwin)® 406 (vw)? 100(vw)®
372.3
363(m) 3.8 T359.2 -9.2 350(vw)
341.1
334(m) 2.2 331.8 -1.8 330(vvw) 330(m,b) . .-
325(w) -3.6 328.6 -25.6 303(m,sh) 300(w)
295(s) ~7.2 302.2 -18.2 284 (s)
275(w,sh) 7.0 268.0 -1.0 267(m,sh)
235(w) -1b.7 abg.7 -1k.7 235(w,sh)
227(m,b)
211.2 3.8 215(w,sh)
. 195.9“
149.2 1
. ; 135.3
111.7 §
. 80.6
h.7
Average error = 7.91 9.52

B"I'he calculated frequencies are based on the st;uctural data for D-arabinitol as it exists

in the mixed crystal (20).

Ppiererence = obs. freq. (Raman) < calc. freq.

®Conventional symbolism indicating relative intensity:

vs = very strong; s = strong;

m = medium; w = weak; v = very; b = broad; sh = shoulder.

dSuspected overtone or éombination bend.

csApparent correlation field splitting.

€pifference calculation 1s based on an approximate midpoint between the split bands.

b

T Indicates poor spectral resolution.

Spectral Interpretation,
approximate motion

OH op bend coupled with
CO op and ip bend

OH op bend coupled with

" some: CO ip bend

OH op bend

" OH op bend coupled with

methine deformation

OH op bend

OH op bend coupled with
CO ip and op bend; CC
skeletal bend

CO deformation coupled

with OH op bend; CC
skeletal bend

CO deformation coupled
with CC skeletal bend
and torsion; OH op bend

CC skeletal torsion; CO
deformation ’ -

mainly skeletel torsion
and bending modes
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DISCUSSION OF RESULTS
GENERAL COMMENTS
Three criteria have been used to evaluate the successof the NC analyses:

1. The extent to which the observed spectra and the calculated
spectra correlate.

2. The transferability of the SVQFF to related molecular systems.

3. The extent to which the constraints imposed on the analyses

( are satisfied.

In general, the fit to the experimental frequencies of ribitol, xylitol,
and erythritol was quite good for molecules as complex as the alditols. As

1

shown in Tables VII-IX, the average errors are 9.0, 9.4, and 9.7 em ! for ribitol,

xylitol, and erythritol, respectively (this excludes the unassigned OH bands).

The gverall average error is 9.1 cm 1,

The overall average error 1s slightly
higher for the alditols than for the 1,5-AHP compounds (6.3 cm '). The fit is,
however, comparable to that obtained for the aliphatic ethers (9) (average error

10.% em 1),

The average error is not the only criterion for Judging the guality of the
fit. For example, Vasko, et al. (3,13) report an average error of 10.0 cm ® in
comparing their data on the calculated and observed frequencies of the a-D-
glucose molecule. However, between 1400-1250 cm ! they observe 6 bands and
predict 12, and between 800-600 cm ! T bands are observed and only 3 are calcu-
lated. Thus, the average error is not always indicative of the extent to which

the calculated spectra actually match the observed distribution of bands.

Average error depends on the nature of the assignment.
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Figure 13 compares the results of the final refinement. Both the calcu-

lated and experimentally observed frequencies of each alditol used in_the re-
finement are plotted. In all cases the computed spectra approximate the observed
spectra quite well. There are a few experimental bands Luqually weak in inten-
sity) which could not be correlated with calculated frequencies. It is suggested

that these bands do not represent fundamental modes.

In the spectra of ribitol, for instance, the experimentally observed bands
at 2858 cm ! (R,IR)ll, 695 cm ' (R,IR), and 575 cm ' (R,IR) have not been
assigned as fundamental modes. These bands do not appear in Fig. 13 but are
designatéd in Table VII. There are also several instances of apparent corre-
lation field splitting of fundamental vibrations (an effect produced by the’
intermoleéulafvcoupling of molecules in the unit cell). These have been desig-

nated -in Table VII and Fig. 13.

Thé bands at 2858 and 695 cm ! are suspected of being either overtone or
combination bands because of their low intensities in both the Raman and infra-
red. The 695 cm ! is poofly resolved in the IR because it appears as a shoulder
on the broad band at 624 cm '. The band at 575 cm !, though barely visible in
the Raman is quite strong in the IR. It is p&ssible that this band is an over-
tone whose intensity is enhanced as a result of Fermi resonance. Fermi
resonance is a phenomenon that may occur when two vibrational energy levels
(usually one fundamental and one overtone) have nearly the same energy and are
symmetrically suited. In such cases, the intensity of the overtone is enhanced

and becomes almost if not equally as strong as the fundamental. In addition,

_ll(R,IR) denotes that the band is both Raman and infrared active. In such
cases, the Raman frequency is given.
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the two levels "repel" one another, so that the one with the greater energy moves
to a higher frequency, and the one with the lower energy moves to a lower
frequency (32). The 575 cm ! is located between two fundamentals, one at 624

em”! and the other at 529 cm 1.

The situation is similar in the case of xylitol. The observed bands at’
695 ém—l (IR), 563 cm ! (IR), and 297 em ! (R) have not been assigned as funda-
mentals. Neither of the first two bands are Raman active. The 695 cm ! band is
extremely weak and appears as a poorly resolved shoulder on the strong‘fuhdaméntal
at Th2 em™ '. The 563 cm ! band is fairly strong in the IR but is located be-
tween two fundamentals, one at 598 cm !' (IR) and the other at 520 cm ' (R,IR).
nystal field splitting of several fuﬁdamentals is also suggested.and the

appropriate bands have been designated in Fig. 13 and in Table VIII. In the

erythritol spectra there are no suspected overtone or combination bands. In- .

stances of apparent field splitting are designated in Fig. 13 and Table IX.

Cdmpafison of the calculated and observed distributions in Fig. 13 with

these factors in mind, shows that the fit in the case of ribitol is not quite

as good as %ﬁe fit obtained to the spectra of the other two alditols. The fit
between the observed and calculated spectra of xylitol is perhaps the best. It
is noteworthy that in the case of 1,5-anhydroribitol (1,5-AHR), studied by
Pitzner (1), the correlation between the observed and computed distributions
was not nearly as good as the fit obtained between the experimental aﬁd calcu-

lated modes in the other 1,5-AHP's. Although the average error was 7.6 em !

1, there were 9 observed bands be-

as compared to the overall error of 6.3 cm
tween 1150 and 650 cm_i which could not be correlated with calculated modes.

However, this does not necessarily suggest a trend.
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Careful examination of fhe observed and calculated spectra plotted in Fig.
13 shows that in each instance there are characteristic gaps in the distribution
of the bands between 1500-400 cm™!. Essentially the alditol spectra are
structured into well-defined groups of bands in this particular region. The
first characteristic gap occurs between 1200-1150 cm ®. The potential distri-
butions indicate that this gap is an apparent transition point between valence
angle bending coordinates involving at least one hydrogen atom, and skeletal
" stretching vibrations. Another characteristic void occurs between approximately .
850-750 cm ® in all the spectra. It is widest for erythritol (170 cm ') and
equal for xylitol and ribitol (108 cm !). The potential distributions indicate

that above the gap skeletal stretching vibrations dominate while below the gap

skeletal bending vibrations predominate.

The calculated distributions do, however, deviate somewhat from the observéd'
distributions below 400 cm~!. The deviation results from the fact that there
are more calculated bands than observed bands in each of the spectra. .$he most
logical explanation for this is that the predicted bands simply cannot be re-
solved. Many of the calculated modes are close to accidentall degeneracy in
this region. This may account, in part, for both the larger widths and asym-
metric contours of many of the bands in this region. Two additional factors
also combine to make band resolution more difficult. First, many of the low
energy vibrational bands may be inherently too weak to be observed in eithér
the Ramen or IR. Secondly, higher backgrounds interfere with the resolution of
the weaker bands. Rayleigh scattering interferesat low wavelengths in the
Raman causing the base line to increase sharply in this region. In the infra-

red KBr absorption begins to occur at about 350 em 1.
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Aside from the fact that both the observed and computed band distributions
agree quite well for each of the alditol models, their respective force fields
were identical. Thus, the observed differences in the frequencies between the
pentitol compounds must result primarily from differences in their G matrices.
Unlike the 1,5~AHP's, the bond angles and bond lengths are not all the same
and thus they contribute to the differences in the respective’QJmatrices. How-
ever, the dominant structural differences result from both conformational and
configurational differences among the isomers in the case of the pentitols.
Thus, the frequency variations in their spectra must then be attributed
primarily to the changes in the coupling of vibrations that result from these

structural differences.

The rgsults also indicate that most of the vibrations in the molecules
studied arise, to a first approximation, from the isolated molecule, apart from
its environmental surroundings. The fact that a good fit to the observed
spectra of erythritol was obtained using the same field substantiates this ob-
servation. ZErythritol differs from the pentitol models in size, complexity
(there are 8 molecules per unit cell as opposed to 4 per unit cell in each of
the other alditols), and vibrational degrees of freedom. However, it is
important to emphasize that these findings do not necessarily imply that this
approximation can be applied to all molecules. They do complement the work of
Pitzner Q;) and tﬁereby add support to the notion that a key factor in under-
standing the vibrational spectra of other carbohydratesmolecules, such as the
pentoses and hexoses, will depend primarily upon the propertiés of the isolated

molecule treated as a vibrating unit in the crystal lattice.

The sensitivity of the calculated modes to structural differences brought

about by changes in the conformation of the molecular model is shown in Fig. 1L,
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The calculated distribution of frequencies in the spectrum of ribitol between
‘1500-200 em ! is shown in Fig. 14(a) as are the distributions calculated from
three other conformational isomers of ribitol. In conformetion C(I) the
ribitol model is in an extended chain conformation similar to erythritol and
D-arabinitol. This conformation was formed by a 120° rotation (counter-
clockwise) about C(3)-C(4) which results in a syn-axial interaction between

C»0 and C40 (sée Fig. 21, Appendix I). No other structural changes were made.
Conformation C(II) was formed by a rotation about C(1)-C(2) so that the terminal
hydroxyl group on C(1l) was in a conformation identical to that of xylitoi. The
final conformation C(III) was formed by combining the structural changes made
to formvC(I) and C(II)) The frequencies calculated for each of the three

isomers. are listed in Table XI.

From Fig..lh and Table XI it is evident that the sensitivity of the bands
in the ribitol spectrum to these conformational changes is greatest between
1150-200 cm :. Comparing the Raman spectrum of ribitol in sélution with that
of the solid (shown in Fig. 2) indicates that the most significant ch;nges in
the distribution of bands occur in this same region. The possible conformations
of ribitol in solution are numerous indeed. However, the data presented in
Fig. 14 suggest that changes in the distribution of bands in solid-state
vibrational spectra which occur upon solution result, in part, from the
structural differences among the various conformational isomers.. The
structural differences among the isomers result in significant changes in the

vibrational coupliﬁg associated with the fundamental modes.
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TABLE XI
CALCULATED FREQUENCIES OF RIBITOL IN

THREE ALTERNATE CONFORMATIONS

Structural Model?, Conformation C(I), Conformation C(II), Conformation C(III),

v, cm ! v, cm * v, cm * v, em }
3351 1138 3351 1108 A 3351 1135 3351 1120
3351 1048 3351 1095 3351 1103 3351 1094
3330 1073 3330 1068 3330 1080 3330 1078
3330 1057 3330 1060 3330 1059 3330 1060
3330 1046 3330 1043 3330 1025 3330 1038
2968 100k 2968 1030 2966 980 2966 971
29k49 969 2949 963 2949 960 2949 963
293L 935 2933 922 2933 9L5 2932 939
2922 870 2922 888 2922 = 910 2922 ° 909
2914 852 2914 83k 291k 856 2913 865
2901 758 2901 748 2901 733 2901 735
2880 609 2880 607 2883 626 2883 581
1482 524 1482 543 1482 506 1482 531
1471 490 1471 483 1471 Lk RIyal 428
1452 426 1hkkg 395 1453 396 1456 409
1426 380 1k27 379 1445 368 1439 367
1381 347 : 1373 356 1389 . 347 1380 349
1368 339 1355 346 1370 339 1350 340
1353 333 1334 329 1340 333 1348 332
1331 326 1322 328 1336 331 1324 328
1312 305 1314 315 1320 320 1312 322
1295 266 1301 273 1300 276 1296 288
1292 252 1278 257 1284 255 1276 255
1268 218 1272 217 1265 217 1266 218
1265 192 1266 192 1258 202 1260 213
1252 174 1265 1h7 124k 185 1257 1Lk
1231 12k 1234 135 1238 130 1239 133
1213 116 1218 115. 1225 101 1226 117
1202 85 1197 95 1208 86 1216 86
115k 71 11ky 68 1155 75 1147 76

®Based on the crystal structure determined by Kim, et al. (2_6_).
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TRANSFERABILITY.'OF THE SVQFF TO RELATED MOLECULES
. ... a12
The normal modes of D-~arabinital were calculated for two reasons:

1. To test the predictive capabilities of the force constants
calculated using models of ribitol, xylitol, and erythritol.

2., To possibly resolve the uncertainty as'to whether the structure
of the D isomer in the D,L crystal is the same as its structure

in the optically active D isomer.

The calculated frequencies are plotted in Fig. 15 as are the experimental
frequencies in the spectra of both D and D,L-arabinitél. These frequencies
are compared in Table X also. From Fig. 15 it is evident that the calculated
frequencies approximate the observed frequencies in both the D and D,L forms
quite well. The'results suggest that the model force field in Table V is well
suited to this class of compounds. The ability to transfer these constants
to D-arabinitol suggests that the field does have physical significance, in-
cludes sufficient interaction terms, and should provide an édequate approxi-

mation to the spectra of other related alditols.
COMPARISON OF THE D AND D,L-ARABINITOL SPECTRA

As a matter of interest, a racemic mixture of the D .and L isomers was
prepared. The spectra (R and IR) of the mixed crystal form were compared

with the observed spectra of the D isomer. If the molecular vibrations below

13

30007~ were totally independent of the crystalline environment (which was

12Recall that the calculated frequencies are based on the structure of D-
arabinitol as it exists in the D,L mixed crystal (20).

13In the following discussion, the spectral bands will be referred to by

their frequencies in wave numbers,
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certainly not expected to be the case), then the spectra of the mixed cr&stal
should be identical to either isomer, provided that the molecular conformations’
remain the same (which is not necessarily the case). Consequently, such a
comparison would provide some insight into the effects of the unit cell

geometry and intermolecular interactions on vibrational spectra.

A similar comparisbn,was made by Pitzner (l) on 1,5-anhydro~D,L-arabinitol
and its L isomer. Pitzner noted that the D,L spectra correlated fairly well
with that of the optically activecL isomer, but that a number of the D,L bands
were shiftéd in frequency from corresponding bands in the spectra of the L~
isomer;H‘He noted that suspected differences in the geometry of their unit”célls
and/or aifferences in the intermolecular hydrogen bonding could possibly explain

the differences in the spectra of the two forms.

From Fig. 7 and 8 it is apparent that differences do occur between the
spectra of the.D,L mixed crystal and the optically active D isomer of arabinitol.

These differences have been classified into 5 types:

1. Differences in the frequencies of the observed fundamentals.
2. Differences in the relative intensities of the observed bands.

3. Differences relating to the Raman or IR activity of the
fundamental modes.

4, Apparent differences in the number of suspected overtone
or combination bands.

5. Apparent differences in the number of vibrational splitting
effects (correlation field splitting).
In Table X the computed freguencies of D-arabinitol were correlated with
" the experimentally observed bands in the spectra of both the D and D,L forms.
An element of trial remains in these correlations and their validity hust in

part be judged on the basis of all the results obtained from the NC analyses.
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However, using these calculated frequencies an interpretation of the arabinitol

spectra was made.

Based on the assignments made in Table X it was possible to compare the
observed bands in the arabinitol spectra. It is evident that a number of bands
in the D spectra are shifted in frequency from similar bands in the D,L spectra.
These shifts result in noticeable changes in the distribution of observed bands
in Fig. 15. However, judging from the data presented in Tabie X and the distri-
butions plotted in Fig. 15, the changes in the distributions are not comparabie.
to the types of differences that occur among the pentitol spectra. Qomparing
the arabinitol spectra, there are, in fgct, only 5 assigned bands in the Raman
spectrum of the D isomer (1440, 1357, 697, 363, 295) that differ in frequency
by more thén 10 em ! from corresponding bands in the D,L mixed crystal. Of

1

these 5 bands, two differ in frequency by only 11 cm - and none differ by more

than 15 em Y. Furthermore, of the 41 bands compared between 2980 and 300, only

16 of the observed bands differ by more then 7 cm ‘.

The shifts in some of these frequencies are large enough to suggest thét
there may be minor conformationsgl differences in the terminal methylene hydroxyl
groups in the structure of the isolated D isomer. However,'no major differerices
in conformation are indicated. In the case of ribitol, altering the conformation
of the molecular model substantiglly affected the distribution of baﬁds in the
calculated spectrum. Comparatively large shifts in the band distributiéns
occurred between 1030-350 (see Fig. 14 -and Table XI). Skeletal stretching and
bending modes are active in this region indicating that the coupling of vibra-
tions involving the carbon and oxygen atomshare especially sensitive to structure.
Relgtively minor differences between the arabinitol spectra occur in this region.

Thus, these shifts are suggested to result from either changes in the pattern
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of intermolecular bonding between the two crystalline forms, or minor conforma-

tional differences.

There are four other .types of observed differences that are also signifi-
cant, First, there are major differences in the band intensities. For example,
the relative intensities of .the D-arabinitol bands between lhOO—l200.and be-
tween 400-200 indicate that these bands are more intense than corresponding
D,L bands. Intensity variations usually indicate changes in the nature of the.
bond. Variations in intermolecular bonding can influence band intensities, and
therefore it is significant to note that the melting point of the D,L form
(105°C) is-14.5 degrees higher than the D isomer. However;‘other factors are
involved. For example, the D isomer is optically active, whereas the racemic
mixture is not. Optical activity may influence the intensities. The conse-.
quences’of optical activity, if any, on vibrational -spectra have not been ex~
plored. Also, unit cell geometry may»again be a factor. Because the unit ceil
of the D,L mixed crystal is different than that of the-D isoﬁer,’differences

in the intensity of the scattering may result.

Secondly, tﬁough most every band in the D isomer is active in both the .
Raman and IR there are a few instances in the D,L spectra where mutual activity
is not observed., However, in view of tﬁe weaker intensities of many of the
bands in the D,L spectra‘the bands not observed may be inherently too weak for
detection. For example, there are T bands between 2980 and 400 [2966(R), 1465
(IR), 1k25(IR), 1312(iR); 1271(R), 1230(R) and 1115(R)] in D,L-araﬁinitol that
are not mut;ally active. The 1425(IR) band is a broad; foorly‘resolved band .
of medium intensity. Corresponding bands (see Table X) in the spectra of the.
D isomer.occur at 1440(s,b)(IR) and 1440(w,sh)(R). Judging from the relative’

IR intensities of these modes, it is likely that the 1425(IR) band is too
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weak to be detected in the Raman spectrum of D,L-arabinitol. The same is true
for the bands at 2966(R), 1271(R), 1230(R) and 1115(R) except that they are too
weak for IR detection. Poor resolution may be responsible for the fact that

the 1465 band is not observed in the Raman.

However, it is also possible that the mutual exclusion observed for these
bands is related to the localized inversion symmetry of the D,L pairs in the
crystal. When the D and L enantiomers crystallize, D,L pairs are formed and
the D enantiomer is hydrogen bonded to the L enantiomer by bonds at twoAlpca—
tions. If special selection rules resulting from the inversion symmetry. are
in operation, the breakdown due to anharmonicity is extensive. The majority

of the bands in the D,L spectra are mutually active.

There is also a difference in thé number of suspected overtone andAcéﬁbi:
ngtion bands in the spectra of the D isomer. The suspected overtone and combi;
nation.bands are descriked in Table XEI for both crystél forms. 'As noted
above, the relative intensities of the bands between 1L00-1200 ana hOO—QOO'in\v
the D isomer were moré intense than corresponding bandé in the spéctrum ofxfhéA
racemic mixture. This may account, in part, for the greater number of overtone

and combination bands.

For example, in Fig; 7 there is a band at approximately 780 in bo%h
spectra. The band is more intense in D-arabinitél than in D,L-;rébinitol..l
Clearly, no fundamentals are predicted to occur in this region, It is there~
fore suggested that this bend is a combination band rather thaﬁ a fundamental.
As specified in Table XII, the suggested combination is 491(s) + 295(s) = 786
em . A comparison of thé relative intensities of the Raman bands at approxi-
mately 295 in both spectra (see Fig. 7) reveals that the band is much moré'

intense in the spectrum of D-arabinitol. Thus, a combination of the type

suggested would likely be more intense in the D spectrum.

MY

e
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TABLE XII

SUSPECTED COMBINATION OR OVERTONE BANDS

Obs. Freq., Possible

Crystal cm ! Combination or Overtone’
D-Arabinitol 2990(w,sh) (R)® 2(1494)(s) = 2988
D-Arabinitol 1395(vw,b) (R)(IR) 887(vs) + 528(m) = 1415
D,L-Arabinitol 1395(w,sh) (IR)
D-Arabinitol 1069(w) (R)(IR) 697(m) + 363(m) = 1060
D-Arabinitol 909 (w) (R)(IR) 3(295)(s) = 885
D-Arsbinitol 782(m) (R)(IR) 295(s) + 491(s) = 786
D,L-Arabinitol 782(vw) (R)(IR)
D-Arabinitol 736(w,b) (R)(IR) 2(363)(m) = 726
D-Arabinitol 595 (vvw) (R)(IR) 2(295)(s) = 590
D-Arabinitol 540 (vw) (R){IR) 2(268){cal.) = 536
D,L-Arabinitol 540(w,sh) (R)(IR)
D-Arabintiol 405(vvw)  (R)(IR) 2(196)(cal.) = 392
D,L-Arabinitol 406 (vw) (R)

%(R) = Raman active; (IR) = infrared active.

Another seemingly new band appears at 909 in the D spectrum. In view of
the difference in the relative intensity of the 295 band in the Raman spectrum’
of the D isomer, there is reason to suspect that the 969 band . is a possible
overtone [i.e., 3(295) = 885 cm ']. The second overtone of this band is also
suspected to be Raman active and to occur at 600, though its intensity is much’
weaker. Although it is unusual .for a third overtone to be greater than a
second overtone, Fermi resonance could explain the difference. The 909 band
1s very near a series of fundamental modes which are the strongest bands ob-
served in the spectrum below 1500. The remaining bands suggested to be either
overtones or combination bands‘in Table XII are all relatively weak and

located near fundamental modes.
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To suggest that the bands given in Table XII are, in fact, overtones and
combinations of fundamental bands is done with reservation. There is no direct
way to substantiate such an interpretation. It is also possible that a number
of these bands result from external vibrations, coupling between external and
internal modes (which would also result in combination bands of a summation or
difference nature), or thermally excited second-order transitions of low energy
fundamentals. Sherwood (33) notes that internal and thermally excited external

vibrational coupling become especially important as the vibrations of internal

and external modes approach one another in value (i.e., below 800 em 1),

z

Finally, the perturbations to vibrational coupling by the presence of
other molecules in the same unit cell are apparently more extensive in thé D
isomer as evidenced by the degree of vibrational splitting in the solid state.
It should be emphasized that solid—state‘splittings or changes in seigc#ion‘ '
rules result from an interaction of a molecule with its environment. In organic
substances the most common cause of solid-state effects is hydrogen bonding;‘
Therefore, it is interesting to note that the melting point of the D isomer is
14.5 dégrees lower than the D,L mixed cfystél. Howéver, factors other than the
.degree of hydrogen bonding are involved. The coupling together of the vibrations
of different molecules within the unit cell may give vibrations which are sym-
metric or antisymmetric with respect to operations of the crystallographic point -
group (which is unknown in the case of the D isomer). Consequently, selection,
rules would then be an important factor. Although hydrogen bonding would be-
expected to be the most common type of intermolecular coupling, electronic
coupling is also.possible. As Gans (32) points out, the interactions of mole-
cules in a unit cell are very poorly understood. and not amenable to quantitative .

work, except in the simplest cases.
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Apparent correlation field splitting occurs in several regions in both sets
of spectra. Between 900-850 there are clearly four bands (887, 878, 867, and 855)
in the D isomer. In the b,L spectrum only two bands occur in this. region, which
is consistent with both ﬁhe calculated distribution in Table X and the observed
distribution in the spectra of its configurational relatives ribitol anq xylitol.
Also based on the predicted band distributions it is likely that the doublets
in the D isomer assigned to the calculated fundamentals at 2934, 1082, 1070, and *
938 result from field splitting effects. 1In the D,L spectrum the corresponding
bands assigned to the predicted fundamentals at 2934 and 938 are not split.

However, the bands assigned to 1082, 1070, 1019 and 718 are split és Table X

indicates.

INTERPRETATION OF THE ALDITOL SPECTRA

*

fhe ﬁhird criterion used in this study to evaluate the quality of the NC
analyses relaped to the extent to which the constraints on the analyses were
satisfied. One important constraint stipulated that the interpretations based
on the normal coordinates be consistent with the group frequency correlation

charts for those regions of the spectra where the charts are applicable.

Unfortunately, the information based on group frequency correlations is of
little value below 1500 cm . At best, parallels can be drawn between group
frequency charts and the calculated frequency of the major components of the

normal coordinate associasted with each fundamental.

The individual bands in the alditol spectra are best described by the
dominant internal coordinates and potential constants associated with each
mode (see Appendix III). Though discussion &f the individual bands would be

beneficial, it would also be lmpractical due to the number of bands involved
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and the complexity of the normal coordinates. However, it is possible to
examine the spectra in terms of the group motions described in Tables VII-X.
These motions, illustrated in Fig. 12, have been used to approximastely charac=
terize the normal coordinate of each fundamentalAvibrﬁtion. In Table XIIT ..
the calculated spectra of the alditols, 1,5-AHP's (1) and the n-paraffins {7)
have been compared. The basic group vibrations have been classified in terms

of the calculated normal frequencies. Table XIV is constructed similarly to

compare each of the alditdls in terms of their respective group motions.

The adfantages of using group motions to interpret the spécfral bands is:
that the vari§us‘internal modes may beAclassified according.to ff;quency} fﬁﬁé;
it is easier to identify trends among the spectra. It must be emphasized,
however, that the vibrations of the atoms may be localized within particulér
atomic groupings. A band interpreted as a methine op bending mode, for instance,
can involve a displacement of each of the methine CCH coordinatgs, althouéﬁ.;

the relative amplitudes of the atoms involved are not necessarily the same.
OH AND CH STRETCHING MODES

The bands in only two regibns of the speétrum can be asséciated hifh in—;'j”ﬁ
dividual group motions. In the first region, between 3350-3100, hydroxyl -,
groups are involved. As Table XIII shows, the OH stretching vibrations were
calculated to occur between 3350-3300. The observed OH stretching frequencies,
which are clearly sensitive to hydrogen bonding, occurred between 3350-3225.
Because these vibrations are not coupled significantly with the vibrations of
other groups, they are essentially independent of the rest of the bands in
the spectra and were treated accordingly. ©No attempts were made to cdfréiate

the observed and calculated frequencies,.and they were excluded from the re-

finement of the force constant parameters.
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TABLE XIII

GROUP VIBRATIONAL MOTIONS.OF THE ALDITOLS, 1,5-AHP's AND n-PARAFFINS

Alditols 1,5-AHP's (1) n-Paraffins (7)
Group Vibrational Motions Freq. Region Freq. Region Freq. Region
Methylene OH str. 3350 .
Methine OH str. 3330 3356
CH3 .asym. CH str. . 2969-2965
Methylene asym. CH str. 2985~2950 2982-2978 2929-2912
Methine CH str. , 2940-2910 2946-2910
CH3 sym. CH str. ' 2884-2883 , .
Methylene sym. CH str. 2900~2865 2882-~2880 2861-2849
CH3; op HCH bend 1466
CHs ip HCH bend 1h73-14k46
CH3; sym. HCH bend 1385-1368
Meﬁhylene ip bend or "scissor" iﬁgg:iﬁg; 1470-1460 1473-1446
, 1485-1L57 1h70-1410 1411117k
Methylene op bend or "wag" 1439-1300 1388-1347
Methine CH ip bend (<HCO) 1450-1216 1435-1200
Methine CH op bend (<HCC) 1450-1200 14351200
Methylene op bend or "twist' -
Methylene ip bend or "rock" 1330-1200 1330-1220 1310-1175
‘ w1420 v1b10
OH ip bend 1330-1200 1285-1200
1140-850 n1160
. "L075
1155
. 1140 1110-2040
€-0 stretching 1110-850 1010-900
870-850
. 1130-1095
C~0 ring stretch (C-0-C) 1061-101k
' 980-850
. . 1154-1087 )
C-C stretching ‘ 1059-840 1132-7885
: 1163-850
C-C ring stretch ' 750
, 670-460
CHjs rocking . 975-835
Methylene op bend or "twist" A1148-1108 1163-1108
Methylene ip bend or "rock" 1080-10k0 1074-930 1069-719
970-830 873-850
. 980-880
CCO bend (op and ip) 775-360 750-640
330-220 463-250 .
T00
CCC skeletal bending 600-430 533-0
302200
. 750-~540
Ring bending modes 480-300
) 250
: 430-300 .
OH op bend . . 268-249 . 285-220
w430 N300

CC skeletal torsion 370-50 200-130 v153-0
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TABLE XIV

FREQUENCY CLASSIFICATION OF THE GROUP VIBRATIONAL MOTIONS OF THE ALDITOLS

Ribitol Xylitol Erythritol D-Arabinitol
Group Vibrational Motions Freq. Region Freq. Region Freq. Region Freq. Region
Methylene OH str. 3352 V3352 V3352 V3352
Methine OH str. 3330 3330 3330 3330
Methylene asym. CH str. 2968-2949 2967-2963 297h-2964 2983-2956
Methine CH str. 2934-2914 2934-2914 2921-2909 2934-2914
Methylene sym. CH str. 2902-2881 2884-2882 2872-2867 2896-2865
Methylene ip bend or 1h63-1L62
Ngeissor” 1482-1k72 n1439-1435 1498-1k457 Ak76-1461
Methylene op bend or 1482-1471 1463-1462 1498-1L57 1476-1461
"yag" 1352-1330 1439-1355 71353-1320 1324-1299
L 1418-1369
. 135 1441-1432
Methine CH ip bend (HCO) 1452-1290 1362-1295 N1276 1333-1261
, 1216
14h1-1320
R 1439-1347 1331-1320 \
Methine CH op bend (HCC) 1h452-1312 1297-1245 1250-1205 A ;iggg
Methylene op bend or . :
"twist" - 1332-1245 - 1274-1200 1320 1270-1219
Methylene ip bend or
"rock" 1265-1200 1250-1230
A \1Lh26 '
OH ip bend 1330-1312  1323-1200  13069-1320 nh32
12921150 1114-850 1270-1230 1324-1200
~1080-850 1148-970 1141850
. 1130 1141
C-0 stretching 1073-850 1087-8k40 1065-830 1106-850
c tretehi 1154-100k4 1114-1087 1148-1128 11k1-1115
-C stretching 930-1850 1059-8k40 973-837 1082-850
Methylene op bend or :
"twist" 1084 1070-1009 1148-1128 1115-1108
Methylene ip bend or 1058-1045 928-893 891-837 n1019
"rock" : 970-930 ,
750-380 T75-360 611-485 720-430
CCC bend (op &nd ip)- 305-250 330 380 375-350
275-240 275 302-211
609-190 511-430 : V700 NZ%?
CCC skeletal bending 305 - 485-L30
' 250-190 2ko-210 20 480
302-250
‘ - - ' -302
OH op bend uzﬁeggo h3223§0 430-327 - ggg-gh9
305-266 2757k \370 430

CC skeletal torsion 218-T1 240-~50 250-Th



-99-

The CH stretching modes which were observed between 3000-2800 constitute
the second group of localized vibrations. As Table XIII shows, the bands
occur in three distinct groups: asymmetric methylene stretching, methine
stretching, and symmetric methylene stretching. This pattern suggested by
the potential energy distributions occurs in both the alditols and the 1,5-

AHP's.

From Table XIV it 1s apparent that below 1500 the alditol spectra are less
structured due to the coupling of vibrations associated with differént group
motions. Nonetheless, patterns do eﬁerge. The region between 1500-1200 is
characterized, in part, by angle bending coordinates involving at least one
hydrogen atom. In contrast, bands between 1150-800 are dominated by skeletal
stretching vibrations (both CC and CO), coupled with bending contributions
from methylene (CHz) and COH groups. Between 800-450 the majority of bands
are characferized by angle bending coordinates not involving hydrogen atoms.
Skeletal bendiﬁg énd CCO bending vibrations predominate in this region. Below |
450 em™ ! skeletal bending, skeletal torsion, and OH op bending modes contribute
significantly as shown in Table XIV.. The dominant group motions in each of
these regions will be discussed individually beginning with the methylene

CH, bending vibrations.
CH, BENDING FREQUENCIES

From Table XIIT it is apparent that parallels can be drawn smong the
spectra of the alditols, 1,5-AHP’'s, ahd the n-paraffins. In each class of
compounds, the common group vibrations are located in similar regions of the
spectrum. Figure 16 represents a diagrammatic summary of the likely frequency
ranges of various types of vibrations in polymethylene compounds. The infor-

mation in Fig. 16 is based on a discussion of the spectra of the planar
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zigzag polymethylene-type compounds by Sheppard (34). For the most part, the
interpreted frequency ranges are based on group frequency correlations among
the spectra of related molecules. The dashed lines represent regions where

the assignments are the most ambiguous.

. CHy bending
ST“'S_“:Ir twist
I‘. d____ rock |
'(__LGQ__.," L
" cclco)
‘Tefcﬁ'l
3 s i [ L L d 4
oo ' 1200 1000 ' 80 600

Figure 16. Frequency Ranges of Various Types of
Vibrations in Polymethylene Compounds

It is apparent from Table XIII that the calculated distribution of CH,
bending motions in the n-paraffins accurately matéh the distribution pattgrqs
. shown in Fig..l6. Figure 16 suggests that the methylene ip (scissoring)
bending modes are pure vibrations (i.e., uncoupled) and occur eiclusifely be-
tween 1480-1L40 in polymethylene compounds. The distribution of bands associated
'with methylene op bending (wag and twist) overlap and are suggested téroécur
between 1450-1150. Thé bands associated with asymmetric methylene ip bending
(rock), shown to have the widest distribution, occur befween 1170-720. However,

Fig. 16 does not indicate the'extent to which these group motions are coupied.

Schachtschneider and Snyder (7) found that the various CH, vibrations do
couple. In particular, the potential distributions associated with the CHé
waggiqg modes indicated that these vibrations were coupled to other methylene

bending vibrations and to CC stretching vibrations as well. Similar coupling
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patterns for these vibrations are predicted for both the alditols and 1,5-AHP's.
However, in both cases the coupling is more extensive., In the alditols, for
example, methine CH ip and op bending and OH ip bending are substantially
coupled to the CH, deformations which occur between.1L00 and 1200. To further
complicate matters, both CO and CC stretching vibrations are found to couple
somewhat with these vibrations. In all cases, however, the angle bending

vibrations involving at least one hydrogen atom predominate in this region.
METHINE CH BENDING

The methine CH angle bending vibrations contribute to the potential dis-
tribution most heavily between thO-;QOO in the alditols and between lh35—1200
in the 1,5~-AHP's as shown in Table XIII. For the most part these methine defor-
mations are confined to this relatively narrow region as both Tables XIII and

XIV indicate.
COH BENDING

The COH ip bending vibrations are calculated to couple extensively to
group motions between 1450-800 as shown in Table XIV. To help support the
assignments and interpretations based on the NC analyses, the deuterated spectra
of ribitol, xylitol, and erythritol were measured. The fundamentals predittéd
to have substantial OH ip bending contribution were expected to be affected by

deuterium substitution.

Five kinds of changes in the spectra of these compounds were observed

after deuterium exchange with the hydroxyls:

1. Bands disappeared completely.

2. The relative intensities of bands were reduced, but the
bands did not disappear.
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3. The relative intensities of bands increased.

4. The frequencies of a number of bands shifted to higher
or lower levels.

5. New bands appeared.

A mode is considered to be characteristic whenever it corresponds to a
vibration of a particular type of bond or bond angle. Therefore, when a char~
acteristic COH frequency detreases in intensity upon deuteration, a COD mode
should be observed at a lower frequency in the spectrum. The first and fifth
kinds of observed changes, mentioned above, exhibit this type of behavior.
Bands that disappear upon deuteration can readily be associated with OH:.related
vibrations. However, new bands which appear in the spectra uﬁdn‘deuteration
cannot always be associated with COD related vibrations. This point will be
discussed in greater detail later. Intensity changes are difficult to inter--
pret as are the observed shifts in frequency. These effects are undoubtedly
related to changes in the nature of both the bonds and the vibrational cpupling..
The fact that change does occur, however, is sufficient to establish the con-

tribution of the hydroxyl prvoton to the overall motion.

In ribitol, for example, dispiacement of COH coordinates contribute sub%ﬂ
stantially to the potential associated with the following calculated frequencies:
1426, 1331, 1312, 1295, 1292, 1268, 1265, 1252, 1231, 1213, and 1202 (see Table
VII). In each instance the observed bands assigned to these frequencies are
affected by deuteration. The observed Raman bands assigned to fundamentals

at 1426, 1312, 1231, and 1213 disappear completely with deuteration. Further-
more, the relative intensities of the two bands assigned to frequencies 1268

and 1265 are considerably reduced. At 1268 the methylene COH contribution is

approximately 53%, and 47% at 1265 (see Table XXXIV). In most other instances

the coupling of COH vibrations is such that this kind of characterization is
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not possible. The results from deuteration studies on other aliphatic hydroxy
compounds support the likelihood of this assignment in). In l-propanol
methylene, OH bending occurs at 1275, in ethylene glycol at 1274, in glycerol

at 1268, and in diethylene glycol at 1283 and 1267. In glucose (13) the mode
most often assigne& to the CH20H group occurs at 1278. The observed bands at
1295(m,sh) and 1289(m) assigned to 1295(calc.) and 1292(calc.), respectively,
are shifted in frequency somewhat and their relative intensities increase.

-The remaining two bands in this group, assigned to frequencies 1331 and 1202,
are low intensity bands observed in ﬁhe IR only. Infrared spectra on deuterated
samples were not utilized in most cases (erythritol is the exception) due to

the poor resolution obtained and the difficulty caused by H,0 contamination

during pellet formation.

In the next region between 1200-800, which is dominated mostly by CC and.
CO stretching vibrations, assignment of COH frequencies by .isotopic substitution
is especially difficult. The spectral resolution is complicated by a number
of factors. First, the bands are noticeably broader (see Fig. 17). Some lines
decrease: in intensity but do not disappear, and the presence of additional
bands in the spectra begin to interfere with existing bands. Furthermore, even
though repeated crystallization from the deuterated solvent improves the degree
of deuteration, complete (i.e., 100%) exchange is unlikely. Consequently, the
observed spectrum in Fig. 1 represents a superposition of the scattering from
both ribitol and deuterated ribitol. Because substantial changes are observed
it is very difficult to directly correlate the bands in the ribitol spectrum
with bands in the spectrum of the isotopically substituted sample. 1In spite
of these difficulties, the effects observed upon deuteration are reasonably
consistent with the predicted coupling of OH ip vibrations with the skeletal

stretching modes.
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Figure 17. Raman.Spectra of Ribitol

For example, in Fig. 17 the Raman bands observed at 1135 and 1118 are -
shifted sllghtly in frequency and the intense 1054 band dlsappears. This latter
band whlch is a551gned to the calculated fundamental at 1047 shows eubstantlal |
0); 0 bendlng contribution to the ass001ated normal coordlnate. The band at 1093
is not present in the deuterated spectrun, but may well be hidden in the back-
ground The bands at 1037 and 948 dlsappear completely. The 1nten51ty of the
915 band is reduced a shoulder appears on the band at 893, and the 864 band
‘has apparently shlfted to 828 (a change of 56 cm ); In addltlon,lat least 3

new bands (1185, 1161, llhh) appear in the void characterlstlc of the pentltols
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between 1200 and 1150. The band at 1161 is particularly strong. Two other new

bands appear in the deuterated spectrum also, one at 1023 and the other at 99L.

The xylitol spectra are similarly structured with respect to COH ip
vibrations. Table XIV shows that COH vibrations are predicted to be most active
in two regions between 1330-1200 and between 1115-850. From Fig. 4, however,
it is apparént that the xylitol bands between 1410 and 138l are affected by
isotopic substitution. For example, the observed band at 1407, which is
assigned to the calculated fundamental at 1396, disappears. The associated
normal coordinate shows that thé principal mbtions are the methine and methylene
CH and COH bending vibrations. Though resolution in the xylitol spectrum is
extremely poor between 1380 and 1335, three bands have been identified at
1374 (w,sh), 1352(vw,b), and 1346(w,sh) and are assigned to 1362, 1355, and 1347,
respectively. The intensities of these bands are affected by deuteration as
shown in Fig. 4. Of the three bands, the band assigned to 1355 shows a 15% COH
bending contribution as compared to 5% for the 1362 band. As predicted, deuter-
ation confirms that all the normal modes between 1330-1200 involve substantial
contribution from coupled COH ip bending vibrations. Characteristically, the

methylene COH bending vibrations occur at 1297 and 12Th.

Between 1200 and 800 the skeletal stretches show significant coupling with
COH bending vibrations. Though resolution is even more of a problem in xylitol
than in ribitol, the relative intensities of the bands assigned to 1109, 1059,
928, and 893 are all reduced, which is consistent with the extensive coupling
of CO stretch and COH bending motions predicted by the potential distributions
of these modes. New bands appear in the deuterated spectrum at 1176(w),
1157(w,sh), 1137(s), 1120(m), 1040(sh), 9k2(vw), 930(vw), 905(sh) and 880(vw).

Frequency shifts and intensity changes occur also, The band assigned to 1029
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which is initially very weak in the Raman -increases substantially upon deuter-

ation. Furthermore, the band observed at 858(vs)'apparently‘shiffs to 8o,

though the relative intensity is essentially unchanged.

In erythritol, bending motions involving'hydroxyl protons are similarly

distributed. The relative intensities of the bands observed at 1h56(s)“and :

1366(m) increased after deuteration as shown in Fig. 18.
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Figure 18, Infrared Spectra of Erythritol
(A) solid; (B) Deuterated

The 1456(s) band, primarily a methylene HCH bending mode, is assigned to

the mode calculated at 1457 and shows an 8% methylene COH ip bending contribu-

tion.

Methylene wag (21%) and COH ip bending (24%) both contribute to the 1366

mode. Methine and methylene COH ip bending characteristically occurs at 1276

(cale.) and 1250(calc.) also. The relative intensities of the bands assigned

to .these fundamentals are significantly reduced after deuteration. Another
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band at 1375, which is observed in Fig. 18 as a shoulder on the 1366(s) band,
disappears and the bands at 1216 and 1053 are reduced in relative intensity.
New bands appear at 1115, 1008, and 820, and the majority of bands between 980-

800 are all significantly shifted in frequency.

Fromwthe above discussion it is clear:that the bands assigned to funda-
mentals involving OH ip bending vibrations are affected by deuteration. Both
tﬂe experlmental and calculated data indicate that COH ip bending motions are
coupled substantlally w;th other group vibrations hav1ng a broad dlstrlﬁutlon
of frequencies, Furthermore, the structure of the alditol spectra with respect
to COH related motions is reasonably consistent with the structure of the sbectra
of,the aliphatic hydroxy compounds mentioned earlier (i.e., l-propanol, ethylene
glycol, glycerol, and diethylene glycol). The fact that a reasonably good fit
to the observed spectra was obtained in spite of the extensive coupling of OH

ip motions w1th skeletal stretching modes suggests that the effects of hydrogen

bonding are not transmltted to the skeletal vibrations.

In view of the correlation between the bands affected by deuteration and
the bands calculated to have a substantial OH ip bending component, a calcu=-
lation of the frequencies of deuterium-substituted ribitol and xylitol was
undertaken. The hydroxyl protons in each molecﬁle were replaced withndeuterium
by making the appropriate changes in mass and constructing a new G matrix for
each compound. When an atom of a molecule is replaced by an isotopilc .atom of
the same element, it is assumed that the changes in the potential energy

function and configuration of the molecule are negligiblelh' Consequently,

thor evidence supporting this assumption, see Herzberg, G., Spectra of
diatomic molecules. 2nd ed. Table 39. New York, Van Nostrand, 1950.
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the force constants are unaffected. However, the frequency parameters, Xk,
are affected substantially as a result of the changes in both the Vibrati;£al :
coupling and the masses of the hydroxyl protons. Vibrational frequencies in-
volving hydrogen atoms oscillating with large relative amplitudes will be
affected more than frequencies where the hydrogen atoms are vibrating with
small relative amplitudes. In the limiting case where only hydrogen atoms
are moving, a replacement of all of them by deuterium should decrease the

corresponding fundamentals by a factor of 1/V/2.(i.e., the reciprocal of the

square root of the ratio of the masses).

Table XV compares the observed Raman spectrum of deuterated ribitol with
the computed spectra of both ribitol and deuterated ribitol in the frequency
range from 3400-600 cm_l.15 A similar comparison of the xylitol spectra is

given in Table XVI.

In both cases the predicted shifts in the OH stretching.frequencie;
correlate very well with the observed shifts. The bands with.normai céofdi-
nates possessing substantial COD ip bending are calculated to occur between
‘840 and 600 cm !. Many of the new bands observed in the deuterated spectra
occur between 940 and 840 cm !.
are somewhat lower than the observed shifts. However, an exact correlation
was not anticipated. Whereas the OH stretching vibrations involve primarily
the hydroxyl protons, the OH bending vibrations are extensively coupled.

The extent of shifting will depend on the exact form of the normal coordinate
(i.e., tﬁe exact nature of the coupling). Clearly, the results from the NC

analyses can only approximate the nature of the coupling. Further ‘incr-: .-

P

15,

The calculated frequencies of deuterated ribitol and xylitol are listed
in Appendix IV. '

Thus, it is apparent that the predicted shifts




-109-

TABLE XV
CALCULATED AND OBSERVED SPECTRA OF
DEUTERIUM SUBSTITUTED RIBITOL

Obs. (COD), Cale. (COD), Calec. (COH), Obs. (COD), Cale. (COD), Cale. (COH),
1 ) 1 1 1 1

Av, cm * v, cm v, cm Av, cm v, cm Vv, cm
3351 1265(sh) 1263 1265
3351 1250(w) 1252
3330 1242(w,sh) 124L
3330 1231
3330 1224
‘ - 1213
2965(s) 2968 2968 1202
2949 (vs) 2949 2949
2928(s,sh) 2933 2934 1185(m,b). 1186
2922(s) 2922 2922 1182
291k . 291k 1161(s) 1154
2901 2901 1144 (m) 1145 1138
2880 2880 1128(s) ~ 1132
1125
2485(sh) - 2440 1107(m,b) 109k 1095
2459(s) 24ho 1078(s) 1068
2429(s,vb) 2425 1061(m) 1060
. 2has 1043
2415(sh) 2k23 1036 1030
) 1023{m) 1017
1481 - 1k82 99kL(s) 988
1470(m) 1L468 1471 A 976 969
1455(s) 1hhk 1ks2 . 935
1426 920(w,b)
1415(vvw) 1408 895(sh)
885(s) 881
1383(m,b) 1376 ' 1381 ' 870
1362 1368 : : 852
13k4k(s) 1346 1353 838(sh) - 837
1331 826(vs)
1300(s,sh) 1312 1312 786
. T43 751 758
1297 1295 733
1287(vs) . 1291 1292 715

1273(m,sh) 1268




Obs. (coOD),

Av, em !

2545(w)
2500(m) "
2428 (w)
2k05(w)
2360(w,b)

1465(vs)
1454 (m,sh)

1380(m)
136kL(s)
1353(m,sh)

1309(s)
1288(m)

Cale. (COD),

v, cm

2967
2963
293k
2923
2914
2884
2882

2Lho
2439
225
2h23
2h23

1459
1453
1432
1425

1383
1352
1343
1342
1306

1289
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TABLE XVI

CALCULATED AND OBSERVED SPECTRA OF

DEUTERIUM-SUBSTITUTED XYLITOL

v, cm

3352
3352
3330
3330
3330

2967
2963
293k
2922
2914
288k
2882

1463
1462
1439
1435
1396

1362
1355
1347
1323
1320

1297
1295

‘Calc. (COH),

Obs. (coD), Cale. (COD),

Av, cm ?

1247 (w)

1176(w)

1157 (w,sh)
1137(s)
1126(sh)
1120(m) -

1087(s)

1075(s,sh)

1040(sh)
1030(m)

998(m)

k2 (vvw)
930(vvw)
905(sh)
893(w)
880(vw)
853(m,sh)
840(vs)

738(vvw)
575 (vvw,b)

Vv, cm

1

1276
1253
1230
1225

1166

1146
1127

1103
1063

1036
1011

997
982

858

832
T94
763
737
717
591

Calc. (COH),
v, em !
127k
1245
1233
1213
1199

1114
1109
1087
1070 .
1060
1028
1009

975
928.
893

82
773

613
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discrepancies in the shifting result from the fact that the observed frequencies

are influenced by cubic and gquartic terms in the potential energy. The effects
: , o

of hydrogen bonding also perturb the coupling of these vibrations with other

group motions.

In spite of the observed discrepancies, the trends between the calculated
and observed data in Tables XV and XVI are revealing. For example, one of the
most important differences in the spectra of the deuterated pentitols was the
appearsnce of a series of bands between 1200-1140 em !. No bands are observed
in this region in the spectra of the unsubstituted alditols.. However, the
calculations in Tables XV and XVI show that. the agreement between the calecu- -
lated and observed spectra of the deuterated pentitols is quite good in this .
region... In.fact, if one allows for the fact that some proton exchange occurred
during sample preparation, the correlation between the deuterated spectra and
the calculated spectra of both the substituted and unsubstituted pentitols is
very good between 1185-975 cm '. The potential distributions.associated with

! indicate that these "new" bands

the bands calculated between 1200-1140 cm~
are not COD related vibrations. They are, in fact, predominately skeletal
stretching vibrations which exhibit very little (less than 10%) eoupling with
COD components. Consequently, '"new'" bands which appear in fhe vibrational
spectra after deuteration cannot necessarily be correlated with COD related
vibrations. The calculated distributions do indicate, however, that the new

1

bands which occur between 900-800 cm ! are likely to‘be COD related vibrations.

The weak intensity of these bands relative to the bands between 1200—1100 em !
Suggestswﬁha% it is also quite possible that some of the COD bands may be

¢

inherently too weak for detection.
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CO AND CC STRETCHING

In the alditols, it is apparent from>Table XIV that between 1150-800
extensive coupling occurs among the skéletai stretching, OH @p bending, and
methylene twisting and rocking vibrations. The presence of the skeletal CC
and CO stretching components in this region is consistent with the interpre-
tive trends based on group frequency correlations. In Fig. 16, for instance,
the CHy rock and CC stretching bands are shown to overlap extensively. Hoﬁ—
ever, overlapping of the bands does not necessarily imply coupling of thé
internal modes. ©8nyder and Schachtschneider (§) found the coupling of the
CC stretch, methylene rock, and methylene twist to be extensive. In the case
of the n-paraffins the coupling is also influenced by the methyl rqcking modes
in this region. For example, in n-pentane (gauche) the calculated fundamental
at 1107 contéined the following components: methyl rock (32%), CC stretch
(24%), methylene twist (17%), and methylene rock (14%). Figure 16 suggests
that methylene tyisting and rocking appear in two regions, the twisting
between 1311-1170 and the rocking between 1061-721. 1In contraét, Schachts::
schneider and Snyder (1) found that methylene rocking and twisting component3<~
are coupled in both regions to each other and to methyl rocking and skeleéél

stretching components as well.

In spite of the extensive coupling in this region the bands in the
alditol spectre are for the most part characterized by CC and CO stretchiné
vibrations. An analogous situation occurs in the spectra of thé 1,5-AHP's
where a'number of vibrations in this region involve ring stretching vibra-

tions (1). <

The mixing of the CC and CO stretching components, which is clearly

evident from the potential distributions in Appendix III, shows the result




-113-

of having similar bonds and similar masses in a chainlike molecule. In a
carbon chain molecule there will not be one characteristic CC frequency.
Coupling will occur between the equivalent bonds which leads to a splitting
of the characteristic frequency. The stronger the coupling between these
bonds, the larger the splitting, and the wider the frequency distribution.
The CC and CQ force constants are of similar magnitude and the masses of the
carbon and of oxygen atoms are comparable, Thus, the vibrations of the atoms
in these atomic groupings would be expected to be highly mixed. Fo;‘éxamp&e,
in paraffin molecules the CC stretching vibrations often give weak bands in
the IR because the changes in the dipole moments associated with these bonds
are relatively small. However, in molecules such as the straight-chain
alcohols, the intensity of the various skeletal bands is greater. The
coupling of the more polar CO bond with the CC stretching components is the

attributed cause of the increase in the relative intensities of these bands (3L).

The skeletal vibrations of the alditols encompass the entire CC and CO
bond network,'and not Just the vibrations of the carbon atoms in the backbone.
Figure 19 compares the basic structures of xylitol and ribitol with respect
to the relative orientations of the carbon and oxygen atoms.  These molecules
are configurational isomersf The only structural differences occur in the
relative orientations of 033 and Og¢. However, based on geometric consider-
ations, changing the orientatign of 013 and Og in xylitol is likely to

affect the coupling of the skeletal vibrations throughout the entire molecule.

In xylitol there are two intersecting planes that contain a zigzag
arrangement of successive CC and CO bonds. The first plane, which contains
6 atoms and 5 successive bonds, is formed by 0¢,C;1,C2,C3,Cy and O34 shown

in Fig. 19. The second contains 5 atoms and 4 successive bonds and is defined
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by 013,C3,C4,Cs, and Oy9. The different orientations of the O3 and Og atoms '
in ribitol reduce both the total number of atoms and successive bonds in each

plane by one.

XYLITOL

RIBITOL

Pigure 19. Basic Backbone Structure of Xylitol and Ribitol

There is & strong possibility that the degree of interaction between
successive bonds is reduced by the reorientation of these atoms to positions
outside either of the inbersecting planes. Thus, the manner in which the

vibrations in xylitol and in ribitol couple will be markedly different.

It is interésting,to note that a similar geometric difference occurs be-~
tween the o- aﬁd B—glucésé molecules which ére configurationally different at
the anomeric‘site. Thé beta'form’df glucose consisté of five similar bond
types al; lying approximafely in an exteﬁded, planar, 2igzag arrangement across

the ring oxygen atom. Only four such bonds exist in the alpha form (see Fig. 20).
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Again, from simple geometric considerations the nature of vibrational coupling
.. present in the beta form would be expecfed to be different than in the alpha

. form. fn both of these instances there is little doﬁbt that other and perhaps

even more significant changes in the coupling, which are not envisioned as

easily, do occur.
/// . ///Cé | g
‘ o | '\o " \o
‘ /;///// Ring Ring

/

Beta Form ‘ Alpha Form

Figure 20, Configurations of o~ and B-Glucose

Another aspect concerning the skeletal vibrations deserves to be emphasized
also. While the results of the analyses indicate that CC motions couple with
the other CC and CQ vibrations, the coordinates involved indicate that the
vibrations are quite bften localized. . For example, the intense ribitol band
observed at 1078(s)(R) has been assigned to the:calculated;fundamental at
1073 in Table -VII and is interpreted as primarily a CC and CO stretching mode.
As indicated in Appendix III, the coordinates involved show that the'motion is
localized primarily on atomic groups adjacent to C(2) (see Fig. 19). The
dominant components in the normal coordinate are: C1C2(17%), C20(12%), COH2(24%),
and C4C5(16%). Likewise in the 1138 band the coordinates involved are: cicz(25%),

cac3(22%), €10(6%), and C30(5%). However, there were no perceptible patterns in
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the nature of the coupling which could be related to the structural differences
among the pentitols. Each fundamental was unique with respect to the components
involved. The nature of the coupling suggests that any detailed interpretation
of the vibrational spectra of molecules as complex as the alditols must involve

anglyses of their respective normal ccordinates.
CC STRETCHING MODES IN THE ALDITOLS AND 1,5-ANHYDROPENTITOLS

Part of the rationale for studying both the 1,5-AHP's and the pentitols
focused on their obvious geometric differences. Table XIII shows that a differ-
ence is predicted in the structure of their spectra with respect to the distri-
bution of CC stretching modes. Ring CC stretching vibrations are predicted to
occur between 1160-850 in.the l,S-AHP's.’ Also, they are predicted to couple
very heavily with both the ring bending vibratdons (or ring breathing modes as
they are sometimes called) and CCO bending vibrations which occur in many of.
the modes between 750-300. The situation is apparently different in the aldi-
tols. Although the skeletal stretching and bending components do couple, the
contribution of the CC stretching components to the potential distributions as-
sociated with the bands in this region is small in comparison. It is suggested
that the difference in the coupling is a manifestation of the ring structure.
When a side of one angle is deformed within a closed ring structure all angles
must necessarily be deformed. Because the ring Behaves as a vibrating entity,
the closed structure appears to affect the extent of .coupling between the
étretching and bending components. These calculations involving the pentitols
suggest that a factor to be confronted in going from the 1,5-AHP's to more
complex pyranoses may,be in understanding how the additional atomic groups

perturb this coupling pattern.
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LOW ENERGY BANDS

Interpretation of the vibrational spectra of the alditols below 800 cm ¥

is complicated by a number of factors. First, few interpretive guidelines
exist in this region. Almost every kind of motion not found betweeﬂ 1500-900
has been associated with bands in this lower regionf More specifically,, this
reglion reportedly contains bending modes of pyranose rings (38) and of CH
groups at the asymmetric carBon atoms in pyranose rings (éﬁgg); nonplanar
bending vibrations of hydroxyl groups (i.e., OH op bending) (37); stretching-
vibrations of hydrogen bonds (39), and below 150, lattice modes have been
reported (_g); Secondly, many éf the low energy vibrational bandsvhave, in
general, relatively weak intensities and asymmetric band contours, most likely
caused from either overlapping or from solid-state perturbations. Thus,
larger measurement errors ;re expected.

Aﬁide from these factors, however, there are a number of bands in the
spect;é~of the alditols betweén 800~500 for which there are no corresponding
fundamegtals. It has been suggested earlier that these bands do not represent
fundamental modes. In the initial stages of the analyses the presence of
additional bénds posed a difficult problem with reéard to the actual assignments
(i.e., matching calculated and observed frequency distributions). For example,
when Pitzner's SVQFF approximation, described in Table V, was initially applied
to ribitol, only two bands, one at 729 and the other at 566, were predicted
between 800 and 490 (see Table VI). Actually, five bands are observed in the
Raman spectrum at T49, 695, 628, 575, and 529. In the IR spectrum of ribitol,
bands occur at 692, 624, 5Tk, and 529. Similar situations exist in the spectra
of xylitol and erythritol. Pitzner (1) assigned the bandé at 873, 776, and 683

in the 1,5-anhydroribitol (1,5-AHR) spectrum to either overtones or combinations.
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Because these 1,5-AHR bands were either very weak or nonexistent in the Raman

his assignment is plausible.

However, the preponderance of bands in this region of the alditol spectra,
for which there were no predicted fundamentals, suggested that Pitzner's field
was not an adequate first approximation for the compounds in this region. This
is understandable in view of the structural differences between these two
classes of compounds. 'Because there is no direct means to determine which, if
any, of the bands in this region are fundamentals, the results from a series
of refinements, using the FP method, were analyzed. The final assignments

appear in Teble XVII.

.Each refinement was based on a different combination of band assignments
in an attempt to improve the overall distribution of frequencies in this
region. By comparing the various refinements it was possible to determine
which of the unassigned bands in each of the various molecules were most iikély
to be oveftones, combinations, or higher order transitions of low energy funda—lk
mentals, Also; because the potential distributions indicated that skeletai'CCO‘
and CCC bénding vibrations were likely to be dominant in this region; varioué"
combinations of appropriate next nearest neighbor interaction constants were
introduced. The field was expanded to accommodate 69 SVQFF constants in the"
refinement. Howevef, in all cases, these additional constants had little
affect on the band distribution in this region. ‘As a result, the final field

contained oniy‘59 constants and no next nearest neighbor interaction constants.

Table XVII shows that three of the five unassigned bands in ribitol
appear to be fundamentals, namely the bands at T49(s)(R), 628(m)(R), and

529(s)(R), which incidentally are the strongest Reman bands in the group.
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TABLE XVII

A COMPARISON OF THE OBSERVED FREQUENCIES
AND CALCULATED FREQUENCIES FROM 750 TO 350 oMt

Ribitol Xylitol
Obs. Freq. Obs. Fregq.

Raman IR Cale. Freq. Raman IR Cale. Freq.
T49(s) T49(s) 758 750(w) T49(vs) 773
695(vvw,b) 695(s,sh) - 698 (vvw,sh?)

628 (m) 630(vs,b) 610 600(vw)  598(s) 613.5
575(vvw,b)  575(vs,Db) -- 563(s)
529(s) 529(s,sh) 502 520 (w) 520(vs) 511
478(s) 475(m) 490 464 (m) -- k37
458(m) 458 (m) 426 428(vs) = L433(w) 398
388 (vw) - 380 385(vw) - 371
351(m) - 347 360(vs) — 360
Erythritol
Obs. Freq.
Raman IR Calc. Freq.
698(vs)  692(vs,b)* 699
675
_— 620(vs) 612
- ? 545
1486(s) 490(w) 485
- 431 (m)® 431
koo
383(s) 376(vw) 378
370
350(w) -- 348

aSuspected correlation field splitting.
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The other two bands at 695(vvw,b)(R) and 575(vvw,b)(R) do not appear to be
fundamentals. In xylitol, three of the five bands are assigned as funda-
mentals. In erythritol, all the observed bands in this region appear to be

fundamental modes.

Table XIV indicates that the majority of bands between 800-450 are
characterized by CCO bénding vibrations and to a lesser extent by skeletal
stretching and bending vibrations. Below 450 skeletal bending, skeletal
torsion, and OH op bending modes predominate. Some coupling with methine CH
and methylene CH, deformations was noted, but the relstive contribution was

small in comparison to the dominant vibrational motions (see Tables VII-X).
A COMPARISON OF CYCLIC AND ACYCLIC FORCE CONSTANTS

As Table V shows, there are no large or unreasonable kinds of force con-
stants. The values of the related constants maintain a high degree of consis-
tency in different systems using similar force field approximations. Also,
convergence of the final values fairly close to the initial force constant
values further supports the idea that this type of field is well suited to this
class of compounds. These properties suggest that the field does have physical
significance, includes sufficient interactions, and should be transferable to

other alditol molecules such as the hexitols.

However, far more to the point is the fact that using the model field
developed for ribitol, xylitol, and erythritol and structural data from a
fourth molecule, D-arabinitol, a good approximation of the latter vibrational
spectrum was obtained. This type of transferability.has not been previously
demonstrated. The ability to predict the spectra of other closely related

compounds from their structure establishes the physical significance of the
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field. This predictive capacity also suggests another potential use, namely,
the possibility of determining the G matrix effects responsible for changes
in band distributions resulting from suspected modifications in molecular

structure.

EJén though fhere are obvious differences between the penfitdls'and anhydro-
pentitols, similar groupings occur at the C(2), C(3), and C(4) positions. As a
general rule, force constants should be transferable (1) between similar mole-
cules or (2) between similar groupings in different molecules (32,40). However,
it is extremely difficult to know when the atomic environments are similar

enough to expect transferability among the force constants.

‘Befére;comparing the force constants and before attempting to assess the
extent bf'tranéferability between the similar constants, it must be emphasized
thaf fhéffype of ﬁodel field used for the pentitols is somewhat different and
more di&érsified than the one developed by Pitzner (1) for the 1,5-AHP's. For
exampie; hé groﬁéed a number of internal coordinates and their intéracfions
together in the prbcéss of defining his field.‘ In several important instances,
interactions specific to the ether linkages in the ring were grouped with in-
teractions'at other sites in-the molecule. He does not, for instance, distin-
guish between a gauche Ccco,CcCo ahgle interaction; a gauche CCO,CCC angle inter-
action; a gauche CCC,CCC angle interaction; or a gauche CCC,COC angle inter-
action. Only one constant defines all of these skeletal bend-bend interaction
coordinates. More importantly, the walue of that constant will be determined -
by the manner in which the individual interaction constants are grouped.

Thus, it is difficult to compare the force constants for the alditols and

1,5-AHP's because they do not share a common basis of development.
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Although the difference in the total number of independent parameters
does not suggest a very significant difference in the diversity of the-two
fields, the variation in the atomic groupings of the individual molecule deter-
mines the actual number of necessary constants. None of the off-diagonal in-
teraction constants for the alditol molecules are grquped togegher, and the.
distinction in the two types of environments associated with the diagonal

constants has already been noted.

However, in view of the similarity in the atomic groupings at the C(2),
C(3), and C(4) positions, an effort was made to compare the diagonal constants
associated with these groupings. The results are given in Table XVIII. In .
spite of the fact that these constants do not share a common basis of devglop—
ment, the A@ab values show that the methine gtretching constants Li.e., q;;?

2, L4, 6, and-g) are nearly equal. The largest deviation occurs between the.éo
and OH constants, Also, comparing A@a with A@ab, in Table XVIII, shows thét

the degree of difference between the ;;thine a;; methylene stretching constants
within an alditol (A@a) is nearly equal to the difference between fhe acyclic .

and cyclic methine stretching constants (A@ab). Since the difference is small
in both instances, this implies (1) that the effects of the methine and
methylene environments on these stretching constants are negligible, and (2)

that changing from a cytlic to acyclic environment does not significantly

affect these constants.

Comparing the AQa values for valence angle bending shows that the meth--- -

ylene force constants are different from the methine force constants in every
case, Furthermore, the A@a values are greater than A@ab values in the =

majority of cases. This suggests that the bending constants which have the

greatest environmental similarity are the closest to being transferable.
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TABLE XVIII

A COMPARISON OF THE SVQFF DIAGONAL FORCE: -
CONSTANTS FOR THE ALDITOLS WITH
THE 1,5-ANHYDROPENTITOLS

b
_ Deltsa 4®EE
Final @a Final @b Comparison
_ - = Delta® & = ‘(@a with @b); '
21 Force Constants Acyclic a’ Cyclic = =
i ®(i) Alditols % 1,5-AHP's %
Stretch
(mdyn./A)

1  (methylene) C'H 4.5905 -0.06 h.s9e9 . - -0.1k

2  (methine) CH 4,5933 4.5890° +0.09

3 (methylene) cre 4.2680 +0.98 ‘

4 (methine) cc L.zat7 o L.2L66 . =047

5  (methylene) c'o 5.0876 +0.83 S

6  (methine) co 5.0459 5.1033 ©o-1.1b

7 " (methylene) 0'H 6.2752 +1.27 -

8  (methine) OH 6.1968 6.2833 . =l.ko

‘ Bend
[mdyn.A/(rad. )?]

5 HCH  0.4738 ©ods20 T 4h.60
10 (methylene) HC'C 0.7861 4141 0.7920 ~0.75
11 (methine) - HCC 0.6889 : 0.7251 -5.25
12  (methylene) HC'C 0.8504 -23.5
13 (methine) HCO 1.1120 0.9629 +13.41
14 (methylene) . C'OH  0.70k2  +8.9
15 (methine) COH 0.6462 ‘ 0.7345 -13.66
16  (methylene) ' c'ece 1.0972 +3.4 ,
17 (methine) cce 1.0610 - 1.0557 +0.50
18  (methylene) c'co 1.3546 +6.4 ‘
19  (methine) ‘ cco 1.2735 : 1.1801 +7.33

Torsion
(mdyn./rad.)
20 | -cc- o0.ok21 0.0268 - +36.34
21 i ~CO- 0.0548 . ' 0.0283 - +48.36
—_— -9 . :
aDelta o = (Qmethylene methlne) % 100.
" Ta ¢ .
- methine

L X

Delta q)ab =g X 100.

o e E
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The obvious exceptions are the CCO and COH related constants. However, these
comparisons are made with reservation in view of the fact that the two fields
were defined and developed differently, especially with regard to the warious

bend-bend interaction constants,
CONCLUSIONS

The major conclusions of this thesis derive from and are represented by
the success of the normal coordinate analyses. The results of the analyses
demonstrate that the vibrational spectra of the pentitols and erythritol can
be understood in terms of a relatively simple force field. The spectral inter-
pretations developed in the analyses are supported by a number of factors.
First, the agreement between the computed and experimental frequency distribu-
tions was good. Secondly, the location of the group vibrational motions was
consistent with similar calculations on other carbohydrate compounds., Also,
the calculated locations of the various group motions parallel the information
from group frequency correlations. Finally, the bands assigned to calculated

fundamentals involving OH related bending vibrations are shifted by deuteration.

The major differences among the pentitol spectra result primarily from
changes in the Vibra£ional coupling caused by the structural differences among
the isomers. This suggests that most of the vibrations in the molecules
studied arise, to a first approximation, from the isolatéd molecule, apart from
its environmental surroundings. Although interactions among the molecules in
the unit cell were detected the effects on the spectfa were localized in particu-
lar bands. The effects of hydrogen bonding appear to be secondary and are not
transmitted to the skeletal stretching vibrations. The overall band distribu-
tion is most sensitive to the interactions between the vibrations of the atoms

~ within the molecule.
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The vibrational spectra of D,L-arabinitol were presented and compared to
the spectra of the D isomer. Differences in the spectra of the two compounds
were noted. The nature of these differences suggests that any differences in
. the conformation of the D isomer in either of these two compounds are minor.
As a result, the differences in their observed spectra were attributed to sus-
pected differences in the geometry of their unit cells and/or differences in

the intermolecular hydrogen bonding.

The force field developed using ribitol, xylitol, and erythritol was
shown to be capable of predicting the vibrational spectrum of D-arabinitol.
This type of transferability has not been previously demonstrated. The
ability to predict the spectra of other closely related compounds from their
structure suggests that the field does have physical significance, includes
sufficient interactions, and should be transferable to other alditol molecules
such as the hexitols. This predictive capability also suggests another po-
tential use. It should be. possible to determine the G matrix effects re-
sponsible for changes in band distributions resulting from suspected modifi-

cations in molecular structure.
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NOMENCLATURE

Angstrom

1,5-anhydropentitol
l,S—ahhydroribitol

asymmetric

internal coordinate transformation matrix § = BX
calculated |
wave numbers

central processing unit
Hessian matrix

diagonal

difference

distribution

experimental

force constant matrix

element of F matrix
Fletcher-Powell

frequency

inverse kinetic energy matrix
ith force constant parameter
in-plane

infrared

Jacobian matrix

potassium bromide

eigenvector matrix

millidyne . - i.

normal coordinate




obs.

THP

IP?) W W<

=

<

=127~

" observed

out-of~plane

arbitrary weighting matrix

potential energy

kth element of weighting matrix P

sum of the squared residuals

sum of squared residuals after r iterations
radian

internal coordinates expressed as a vector

‘ kth internal displacement coordinate

Simplified Valence Quadratic Force Field

symmetric

tetrahydropyran

éotential eﬂergy

cartesian displacement coordinates expressed as a vector
tranformation matrix F = Z¢

ith eigenvalue or frequency parameter

eigenvalue matrix containing elements Aii

Afrequency
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APPENDIX I
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Xylitol

Calculated Cartesian Coordinates of
Ribitol

Calculated Cartesian Coordinateé of
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XYLITOL

RIBITOL

D-ARABINITOL

ERYTHRITOL

Figure 21, Representations of the Alditol Models '




)

:

~133=

TABLE XIX

DESCRIPTION OF THE 65 INTERNAL COORDINATES
FOR XYLITOL AND RIBITOL

O10H12  016H18 010112 H11°}6“13H1
N 1 H17 \ VA 7
06H9 /;pz }Z?Q P o9 /;bg\\ )gfﬁ\\ //919"22
\,& > AW Pe
g . e H8 \ Hi4 § H20
H? O013H15% H20
he MY 21 H? O13H15S H21
XYLITOL RIBITOL
Valence Bond C dinate
€8s de Descr, Code Descr, Code
1. c102 cic2 6. C2010 c20 11, C1H8 CiH 16, C5H21
2, 62C3 c2C3 7. C3013 c30 12, C2H11 C2H 17. O6H9
a. ciclh c3ch 8. chotré cho 13. C3H14 C3H . 18, O10H12
. ches ches 9., C5019 C50 14, chH17 ChH 19, O13H15
5, C106 . C10 10, C1H? ClH!' 15, C5H20 CSH! 20, 016H18
- 21, O19H22
Valence Bond Angle Coqrdinates
sC Code Desc de Desc de
22, C1C2C3 .c1icC - 31, 016CsChH 7CCO Lo, C2C1H? 1CCH k9, cuCsH21
23, C2C3CH - gace 32, 019C5CH 8CCO 41, C2C1H8 *CCH 50, H906C1
24, c3ckcs - c¢ace 33. 06C1H?7 H'CO 42, C1C2HL1 2CCH 51, H12010C2
25, 06C1C2 . 1CCO 34, 06C1HS8 HC10 43, C3C2H11 3CCH 52, H15013C3
26, 010C1C2 . 2CCO 35, 010C2H1Y HC20 L, C2C3H1M heen - 53, H18016Chk
27, 010C2C3  3CCO 36, O13CIHLL HC30 45, CU4CIH14 5CCH sl H22019C5
28, o13c3c2  kLceo 37. O16CHH17 HCclo 46, Cc3chH1? 6CCH 55, H7C1HB
29, 013C3C4  scco 38, 019C5H20 HC'0 47, C5C4H17 . 7CCH 56, H20C5H21
30, 016CLC3  6CCO 39, 019C5H21 HC50 48, ChCsH20 CCH!
Valence Bond Angle Torsion Coordinates®
ito Ribitol
esc Cod esc Code
57. 06C1C2¢3°. TcC1 06C1C2H11  TCC1
H7C1€2010 H7C1C2010
H8C1C2H11 -H8C1C2C3
58, H14C3C2010 TCC2 H11C2C3H14 TCC2
013C3C2H11 010C2C3013
c4C3C2C1 ciczc3cy
59. C5C4C3013  TCC3 C2C3CH016 TCC3
o16C4cC3c2 013C3CUH17 .
H17CLC3HLY Hi1bCc3cucs
60, H20CSC4H17 TCCh C3C4C5019 TCCY
H21C5C4016 H17CLC5H20
019C5CLUCH 016C4C5H21
61, H906C1H? TC10 H906C1H7? . TC10
62. H12010C2H11 TC20 H12010C2H11 TC20
63, H15013C3H14 TC30 H15013C3Hik TC30
64, H18016CUH17 TC4O H18016C4H17 TCUO
65, H22019C5H20 TC50 H22019C5H20 TC50

8The torsional coordinates

Des de
C5H
OlH
02H
O3H
O4H
O5H

es od

B8CCH

- COH1
COHZ2
COH3
COH4
COHS
HC1H
HC5H

were defined for those atoms in the trans position about each bond,

b’I.‘he torsional coordinates in this group are summed together (linear combination) to avoid the

introduction of further redundancies,
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TABLE XX

DESCRIPTION OF THE 52 INTERNAL COORDINATES
OF ERYTHRITOL

H§ . QL2H14
Y\ O5H8 H13
J \
c1 C3 - H1é
/' N/ '\ /
B g2 .ck
o \01 5513\
O09H11  H17
ERYTHRITOL
Valence Bond Coordinates
Descr. Code er. Cod Deser. Code
1. c1c2 c1c2 7. chols cl4o 13, C4H17 ChH
2, €203 c2C3 8, CiH6 C1H! 14, Os5H8 O1H
a. c3ch c3ch 9. C1H7 C1H 15, O9H11 02H
. €105 cio 10, C2H10 C2H 16, O12H14 034
5. C209 c20 11, C3H13 cgu 17. O15H18 oltH
6. C3012 c30 12, ChH1é H'
Yalence Bond Angle Coordinates
Rescr. Code ' -Dgagx;_gggg , _Deser, Code
18, c1c2c3 cicc : 27. 0SC1H? HC10 36, C2C3H13 4ceH
19, c2c3ch . c2ce 28, 09C2H10 HC20 37. C4C3H13 5CCH
20, 05C1c2 . 1CCO . 29, O12C3H13 HC30 38, CUC3H16 CCH'
21, 09C1C2 2¢co 30, O15CLH16 . HC'O 39..cuc3H17 6CCH
22, 09C2¢C3 3CCO 31, O15CUH17 HCLO . C105H8 COH1
23, 0l2c2¢C3 keco 32, C1C2H6 1CCH 41, C209H11 COH2
2h, o12C3CH 5€CO 33. C1C2H? 'CCH 42, C3012H14 COH
25, 015C3Ch 6cco . C1C2H10 2CCH tﬁ' cho15H18 COH
26, O5C1H6 H'CO 35, C2C3H10 3CCH . H6C1H7 HC1H
: . . 45, H16C4H17 HCUH
Valence Bond Angle Torsion Coordipates®
Erythritol
Descr, Code
46, 05C1C2H10P TCCL
$7€1C209
H6C1C2C3
47, H10C2C3H13  qcc2
CLC2C3Ck
09C2C3012
48, H16C3CHO12 TCC3
C2C3CUH17?
H13C3C4015
49, HB0S5C1C2 TC10
50, H1109C2H10 TC20
51, H14012C3H13 TC30
52, Hiso1schec) TC

8The torsional coordinates were defined for those atoms in the trans position about each bond.

bThe torsional coordinates in this group are summed together (linear combinatlon) to avold the
introduction of further redundancies,
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TABLE XXI

DESCRIPTION OF THE 65 INTERNAL COOBDINATES
OF D-ARABINITOL

Hi1 6H18
\ 010H12‘ / 17

hY 4

H? c2 cu H21

NN/ \/

L1 L3 c5
06H9 \ uw \ofgﬂzz\

O13H15 H20
D-ARABINITOL
‘ e nd 8

Rescr, Code Descr, Code Descr. Code Descr, Code

1. C1C2 . C1C2 6. C2010 " c20 11, C1HS CiH 16, C5H21 CsH
-2, €203 c2¢3 7. €3013 30 12, C2H11 . C2H 17. 0BH9 . OiH
2 ¢ ch cich 8. Cho16 cho 13. C3H14 C3H 18. O10H12 028
&, chcs chcs 9. C5019 C50 14, ChH1? ChH 19. OL3HLS 03H
5. Cl06  C10 . 10. CiH7 Cin® 15, C5H20 C5H! 20. 016H1B obH
o S 21, OL9H22 05K

Yalence Bond Angle Coordinsteg
N Rescr, Code Descr, Code © DRescr. Code es Cod

... 22, c1C2C c1ce 31, 016C5Ck 7¢C0 40, C2C1H? 1CCH 49, C4CSH21 .~ BCCH
723, €203C cace 32. 019C5C4 - BCCO 41, C2C1H8 ‘CCH 50, H906CL COH1
.2k, cychcs  cice 33. 06CLH7? H'CO. 42, CIC2HI1  2CCH 51. Hi2010C2  COH2
25. 06C1C2  1CCO 3%, 06C1HS8 HC10 43, CIC2HI1  3CCH 52, H15013C3  COH3
26. 010C1C2  2CCO 35. O10C2H11  HC20 4k, C2CIHI4  BCCH 53. H1B0o16Ch  COHb
27. 010C2C3  3CCO 36, 0.3C3H14  HCIO bS. C4CIHL4  S5CCH 5h. H22019C5  COHS
28, 013c3c2  kcco 37. O16ChH1?  HCho 46, CICHHL?  6CCH 55. H7C1HB HC1H

29, 013C3C4  5CCO 38. O19C5H20 HC'0 47, C5ChHL17 7CCH 56, H20C5H21 HCSH
30, 016 03 6cco 39. 019C5H21 - HCS0 48, C4C5H20 CCH! ,

Valence Bond Anzle Torsion Qi:!dlnﬂﬁ&i‘

D=Arabinitol
Regcr, Code
57, 06C1C2010° TCCH
H8C1C2H11
H7C1C2C3
58, C1€2C3CH TCcc2
010C2C3H14 o
H11C203013
59, 02C3C4C5 ’ TCC3 ‘
H14CICHHL?
013C3C4016
60, .CICHCSH20 rCcl
B17¢4C5019
016CLC5H21
61. H906CLH? TC10
62, H12010C2H11 TC20
. H15013C3H14 Tczo
. H1BO16ChHL7 -

65. H22019C5H20 TC50

‘The'torsional coordlnatés were detined for those atoms in tﬁe krang position about each bond,

Prhe torsional coordinates in this group are summed togethex‘ {linear combination) to avoid the
introduction of further redundancles. .
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TABLE XXII

COMPUTER PROGRAM INPUT AND CALCULATED CARTESTIAN

COORDINATES FOR XYLITOL

Bond
Length,

&
9}
B
[7]

|+
Ce

~
|+

D..
~1d

.0
.516999
.528999
.535999
.509999
419999
. 092999
.092999
.970000
.443999
.120000
.970000
140000
.120000
.970000
433000
.120000
.970000
429000
.092999
. 092999
.9T70000

O O O\ =W -
OO~ wwwmmk+H oOoOOo

=P
o+

[}
\n
[

]
(@]
]

T =
Ww—=PHWwEH
OFFPOHHOFIFOHKFOFFHEERFIFO

'_l
N
OVUNVURAFEFFWUWWWONMNMAHHEFEFWMNODHEO

n
n
—
N
o w

Atom No. X

.0

.059956
.590916
.07680k4
.522735
.364333
.364333
.783060
.999015
11 1.890332
.T00L52
.612956
.666511
. 322252
.033268
.0Lk8L31
.329318
.501826
. 740887
.668001
LB9T62T

OO o0\u FwhhH
1 0 L1
HoOoOoOoOOFWwWwMmDH O

‘,—l
-3
viwwu EF e

.516999

Bond

Angle,

0.

0
110
113
111
111

0.
0.

110
109

110
108

110
110

110
112

110

CoOoOrHHKHOO

-1.

-0

-0.
-1,

2
1
2
2
0
2
1
1

0
1

31k

0
.0
. 799988
+599991
39999
599991
0

0

.000000
.500000
.0

.000000
399994
.0

.000000

.199997 .

.0
.000000
.199997
.0
.0
.000000

Y

.0

.Q

429348
.505599
087893
.315055
.573257
L8502
647739
.735363
510319

.085367
.978162
.988138
.853363
.8L8ThYL
.970715
.002605
.814898
.10L4855
.518529

348333 .

Dih

edral

Angle,

Jigk - Ja)

0.
0.
0.
-176.
70.
11Tk,
. 56
-64
-1Lo0.
-62.
56.
1k
-60,
-57.
-17.
-h9,
-51.
-21.
-173.
66.
=53
100.

Z
.0

.0
.0

0
0
0

000000

099991
899994

.199997
199997

659988
39999k
Q00000

209999

299988
799988
979996
899994
599991

589996

199997

39999k -
.299988

899994

8186

JLéshol

A1
.85
-0.92
-0.75
1.1k
0.92
-0.87
-1.20
0.89
-0.99
-0.10
-0.68
-1.02
1.52
2.20
1.71
0.80

0
0
0
0.09
1
0
0

7367
6320
7768
5818
5hl1
NIV
L9T76
1u27
3533
7963
5132
5154
1365
9322
9315
2807
9553

Mass 1

12.
12,
12.
1la.
12.
15.
1.
1.
1.
15.
1.
1.
999399
1.
1.
15.
1.
.007970
15.

15

1

011149
011149
011149
011149
011149
999399
007970
007970
007970
999399
007970
007970

007970
007970
999399
007970

999399

1.007970
1.
1.007970

007970

Mass

.011149
.0111k9
.011149
.011149
.0111k9
+999399
.007970
.007970
.007970
.999399
.007970
.007970
.999399
.007970
.007970
.999399
.007970
.007970
.999399
.007970
.007970
.007970



.

Atoms

i J k 1
1 0 0 o
2 1 0 o©
3 2 1 0
L 3 2 1
5 4 3 2
6 1 2 3
7 1 2 3
8 1 2 3
9 6 1 7
10 2 1 6
11 2 1 6
12 10 2 11
13 =32 10
W32 1
15 133 1k
16 -4 3:13
17 L.3 2
18 16 Lk 17
19 5. 4. 3
20 5 4 3
21 5 4 3
22 19 5 20
Atom No.

1

2

"3

ok

5

6

7

8

© 9

10

11

12

13.

1L

15

16

17

18

19

20

21

22

Bond
Length,
D..
—1d

.0

. 509999
. 533999
.525000
. 518000
426999
.092999
.092999
.970000
421000
.120000
.970000
119999
.120000
.970000
.429000
.120000
.970000
.419000
.092999
. 092999
.970000

OFFHOMHFOFRHOKFHORFRRERHREREEO

X

.0
.509999
09703k
.608L407
4.383840

' -0.L99Thh

-0.364333
-0.364333
-1.467388

2.005319
1.883332
1.836560
1.741938
1.572080
1.419998
4.053216
3.878623
3.920060
5.747479
L,129642
3.998176
6.231880

-1 3"(_

TABLE XXIIT -

Bond
Angle,
313k

0.0

0.0
112.500000
113.89999%
113.500000
110.500000

0.0

0.0
110.000000
110.399994

0.0
110.000000
107.399994

0.0
110.000000
109.799988

0.0
110.000000
108.500000

0.0

0.0
110.000000

Y

0.0
0.0
1.h17231
1.4599kk
0.759569
0.:k26332
04708036

-1.010512 .

0.360273
-0.767736
-0.467861
-0.305596

2.023935

2.038765

2.9258L2

2.817367

0.897527

3.184160

0.687029

1.205565
-0.255022

0.100899

COMPUTER PROGRAM INPUT AND CALCULATED CARTESIAN
COORDINATES FOR RIBITOL

Dihedral
Angle,

#(iJk - JK1)

0
0
0.0

2371.799988
62.099991
-71.399994
46.599991
168.699997
64.919998
53.799988
172.299988
169.019998
169.799988
46.799988
18.599991
61.399994
-54,000000
-39.939987
-171.399994
57.299988
-52.699997
-64.719986

c.
0.

Z

.0
.0
0
.198859 -
.902278
.266816
.Th8727
.201921
.281031
.088338
0.946640
-1.924308
1.233780
-0.769752
1.079446
-0.238738
-1.128952
-1.126787
0.516557
1.867221
1.030797
1.118809

|
HEPOOFOOOOO

' -
=

Mass 1

12.
12.
12.
12.
12.
15,

1.
.007970
1.
.999399
1.
007970
.999399

1.

1.
15,

1.
007970
15.
.007970
007970
.007970

1l
15

1
15

1

o e

0111k9
011149:.
0111k9
011149
011149
999399
007970

007970
007970
007970
007970
999399
007970

999399

Mass

12.0111k9
12.0111k49
12.0111k9
12.0111k9
12.011149
15.999399
1.007970
1.007970
1.007970
15.999399
1.007970
1.007970
15.999399
1.007970
1.007970
15.999399

.007970
.007970
999399
.007970
.007970
.007970




Atoms

i J k 1
1l 0 O 0
2 1 0 0
3 2 1 0]
b 3 2 1
5 1 2 3
6 1 2 3
T 1 2 3
8 5 1 7T
9 2 1 5
10 2 1 5
11 9 2 10
12 3 2 9
13 3 2 1
14 12 3 13
15 L 3 2
16 4 3 2
17 L 3 2
18 15 L4 16
Atom No.

1

2

3

L

5

6

T

8

9

10

11

12

13

1k

15

16

17

18

-138-

TABLE XXIV

COMPUTER PROGRAM INPUT AND CALCULATED CARTESIAN
COORDINATES FOR ERYTHRITOL

Bond

Length,

OFFMHOFMOFKFOFRKFFHFHEHFEO

EEW SR E D

21y

.0

.525000
.526999
.523000
436999
. 092999
. 092999
.970000
436999
.120000
.970000
. 447000
.120000
970000
1445000
.129999
129999
.970000

.0

.525000
.1okb27
.626204
.519653
.364333
.364333
.078197
.037631
.898333
.096713
.552183
.86L4355
L78976
.135710
.98583L
.0k2959
.092813

Bond

Angle,

112.
112,
111.

110.

110

110.
109.

110.
li2.

110.

13k
.0
.0
299988
899994
199997
.0
.0
000000
.89999k
.0
000000
500000
.0
000000
399994
.0
.0
000000

Y

.0
.0
L12795
129210
.681988
640086

.029922 .

539260
.638501
.532753
.596533
.161346
.91L766
.591458
.872908
489491
.8312k1
.095665

Dihedral
Angle,

(1gk - Jk1)

0]
0
0
177
59
=51
-178
-1T70
-59
179
35
175
_67
159
-6l
-171
56
-167

OHHOOKFH OO OO

! 1
o

] Lot
H O oK

.0
.0
.0

599991
399994
.599991
.099991
. 500000
. 000000
699997
.099991
. 599991
. 000000
899994
199997
.599991
. 500000
. 599991

]

o O O

.058751
L531T7T7
.807587
.03L167
.258531
.180886
.911699
.040943
.108379
.972003

. 889895

.291210
.211606
804757
.260723

Mass i

12.
.011148
12,
12,
.999398
.007970
1.
1.
15.
1.
1.
15.

12

15
1

1
1

e

011148

0111L8
011148

007970
007970
999390
007970
007970
999390

.007970
007970
15.
.007970 .
.007970
.007970

999390

Mass

.011148
011148
.0111L48
.011148
.999398
.007970
.007970
.007970
.999390
.007970
.007970
.999390
.007970
.007970
.999390
.007970
.007970
.007970




Atoms
i)k 1
1 0 0 o0
2 1 0 o0
3 2 1 0
L 3 2 1
5 4 3 2
6 1 2 3
7T 1 2 3
8 1 2. 3
9 6 1 7
10 2 1 6
11 2 1 6
12 10 2 11
13 3 2 10
3 2 1.

15 13 3 14
16 L4 3 13
17 L 37 2
18 16 4 17
19 5 4 3
20 5 L4 3
21 5 4 3
22 19 5 20
Atom No.

1

.2

3

N

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22
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TABLE XXV

COMPUTER PROGRAM INPUT AND CALCULATED CARTESTIAN

COORDINATES FOR D-ARABINITOL

Bond
Length,
D,.
=id

.0

. 520000
.525000
526999
. 520000
.412999
. 092999
. 092999
.970000
.436999
.120000
.9T70000
.1436999
.120000
.970000

.120000
970000
440000
092999
. 092999
.970000

OPHHOHHOFRHFOHHOFRRFEKHRKEFRO

0.0

1.520000
2.123204
3.649257
4,263255
-0.462358
-0.364333
-0.364333
-1.386180
.973586
.893332
.578806
LTTLLST
.T54073
.913704
.08k196
LOLLETT
.509153
.917804
.337752
.917211
.012505

WWUVWWFFOHKER P B

L7000

Bond
Angle,

113.
1la.
1la.
109.

110.
108.

110.
110.

110.
109.

110.
1i2.

110,

I 11 [} -
U.)UOI\)UOOOOF\)I—‘I\)OOOOE—‘OEI\)E—"—‘OO

ijk

.0
.0

299988
299988
89999k
099991

.0
.0
000000

39999k

.0

oopooo
89999

.0

000000
500000

.0

000000
399994

.0
.0

000000

Y

.0
.0
.400631
. 374287
.763496
.709530
.384361
.029922
476986
.762480
.602641
414520
.10897L
.966085
.5h27hh
.584978
.942603
.753837
465098
.679485
.351431
.807799

Dihedral
Angle,
(iJk - Jk1)

0.0
0.0
0.0

- =178.099991

177.599991
57.89999L
-68.099991
178.099991
~75.769989
-178.099991
~-66.899994
-170.469986
~59,000000
~57.799988
35.139999
175.599991
-67.000000
159.969986

~64.199997T -

-171.599991
56, 500000

~-167.629990

7]

.0
.0

.0

. 046842
.105989
.131086
.956125
.034167
«313773
.130419
.867090
.9L526)
.200665
.893534
. 091803
.178929
.907984

HFEFOOHOOOOO

11 1
OHFMF O

] I
HP O

.315127
.287760
.TH7963
.252732

.
H O o

.9k1631 -

Mass 1

12,
1la.
12,
12.
12
15
1
1.
1.
15.
1.
1.
15
1.
1.
15.
1.
1.

15
1.
1.
1.

0111k9

0111k9
011149
0111k9

.0111L49
999399
.007970

007970
007970
999399
007970
007970

.999399

007970
007970
999399
007970
007970

999399

007970
007970
007970

Mass

12,
12,
12,
12,
12,
15.
1.
1.
1
15.
1
1.
15.
1
1.
15.
1.
1.
15

1
1.
1

011149
0111k49
0111k9
0111k9
011149
999399
007970
007970

.007970

999399

.007970

007970
999399

.007970

007970
999399
007970
007970

+999399
.007970

007970

.007970




1
10
23

.28
40
44
58

12
24
28
36
43

60

1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3 14
3 27
331
3 43
3 47
3 53
3 63
4
4
4
4
4
4
4
5
5
5
5
6
6
6
6

23
31
39
48
56
65
17
33
42
58
22
27
41
51

23
29
44
ST

7

1

7

7

1

8

8 24
8 32
8 47
8 58
9 15
9 31
9 47
9 56
0
0

33

51

11

G, .
=

0.166512

-0.027752
-0.050779
0.024245
-0.071816
0.027125
0.013942
0.166512
-0.025608
0.016907
-0.054861
0.060542
-0.070732
-0.012988
0.050162
-0.030378
-0.027752
0.023314
-0.025970
0.027784
0.064590
-0.008145
-0.103540
-0.031458
0.017178
-0.020446
0.066097
-0.071816

0.071491 -

0.085841
-0.021377
-0.072705

0.028535

0.004852

0.054788
-0.050852

0.027031
-0.060550

0.145758

0.054444
-0.050972

0.058976

0.048597

0.145758

0.050878

0.021121

0.056510
-0.008185
-0.026291
-0.002075

0.031623

0.067020
-0.028198
-0.055962

I

1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5
5
6
6
6
6
6
1
7
7
7
7
8
8
8
8
8
9
9
9

9
10
10

2
11
25
33
41
50
59

13
25
29
40
44
52
62

22
28

32

44
48
57
64
14
24
32
45
49
58

22
34
50

23
28
42
57
13
24
30
45
58
14
29
37
48
59
16
32
48
59
22
34

-1k40-

TABLE XXVI

G MATRIX OF XYLITOL

-1
-0.029565
-0.027752

0.064532
-0.071816
-0.008889
-0.003875
-0.033331

-0.027752

-0.051102
0.057257
0.028541

-0.070085

-0.040341
0.098981

-0.028317

-0.049776

0.057705
-0.050974
0.062367
0.020552
-0.003723
-0.099689
-0.028277
-0.050466
-0.053943
0.032364
-0.071816
0.051784
0.145758
~-0.050826
-0.071972
-0.060550
0.145758
0.023760
0.025195
0.059110
0.020931
-0.027753
-0.049909
0.032832
0.057439
-0.014385
-0.027163
0.032766
-0.070268
0.031030
0.017127
-0.025742

-0.051049 -

0.064864
-0.006492

.8
1

0-0OOOGOQONNNNNOO‘O‘OO‘UIU\UIU‘J‘J‘J“’#‘&&UUWUWWWNNNNNNNNHF‘F’#F‘##

0.028785 10
0.060063 10

J

5
12
26
34
42
51
61

6
22
26
30

41

45
57
63

8
23
29
36
45
49
58

4
15
29
37
46
53
59
10
25
40
55
12
25
35
43
58
19

27 .

36
46
59
20
30
45
49

21
38
49
60
25
40

60

81y

-0.030648
-0.027752
-0.019376

0.066641
-0.070084
-0.037364

0.059471
-0.029766
-0.051305
-0.0277117
-0.049127

0.022330

0.063028
-0.017551

0.095647
-0.028748
-0.049897

-0.054370 .

0.057845
-0.071474
0.030679
0.015925
0.166512
~0.027752
-0.049414
0.058142
0.064213
-0.042761
-0.024832
-0.051028
0.062279
0.067814

 -0.025929

0.023968
-0.070639
0.059529
-0.020569
-0.021377
0.025599

-0.070084
" 04017415

0.011859
-0.021377
-0.050869

0.018836
-0.052459
-0.020204
-0.021377
-0.072275

0.064301

I+

1
1
1
1
1
1
1
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4
4
4
4
4
5
5
5
5
6
6
6
6
6
7
T
7
7
7
8
8
8
8
9
9
9

9

0.003107 10
0.052792 10
-0.051743 10

22
21
35
43
55
62

23
27
35
42
46
59

13
24
30
37
46
52
60

16
30
38
47
54
64
11
26
41
57
18
26
40
44
59
22
28
43
52
60
23
31
46
53

24
39
54
10
26
41

S1y

-0.027791
-0.050902
0.056156
0.060765
0.061077
0.072251
-0.094266
-0.026279
-0.049670
-0.053846
0.060879
0.060877
0.030852
0.166512

. ~0.022880

-0.051335
-0.054526
0.063118
-0.070084
-0.007554
0.016837
-0.024087
-0.027752
0.052759

. 0.066577

-0.069917
0.050653
0.095836

-0.027263

-0.004251
0.064766

-0.002444

-0.,021377
0.067015

-0.051725

-0.050851
0.049064
0.024610

-0,051668

-0.051652

-0.060549

-0.011122

-0.050313
0.068953
0.061174

-0.060550
0.145758

~-0.050690

-0.072440

-0.060550
1.075349
0.031370
0.062236



I

10
10
11
11
11
12
12
12
12
12
13
13
13
13
13
14
14
14
14
15
15
15
15

16

16
16
17
17
18
18
19
19
20
20
21
21
22
22
22
22
22
22
22
22

23
23
23
23
23
23

24
24

42
58
25
40
55
12
26
40
44
59

23

29
44

5T -

63
29
37
48
59
16

38 -

49
60
31
47
56
17
50

26

57
28
58

30 .

59
32
60
24
28
34
41
45
52
59
63
26
30
36
42
46
51
58
63
28
32

%1y

0.023732
0.045996
0.055194
0.062236
-0.071670
1.075350
-0.024610
0.023732
0.024295
~0.046964
0.050484
0.048468
-0.051337

. =0.046470

0.006124
0.017460

- -0.054920

-0.051370
-0.000134%
-0.055281
0.061555
-0.016048
0.031601
0.019324
~0.071924
1.054595
-0.041361
0.008238
0.031335
-0.029992
~-0.029131
-0.006122
0.043182
0.038594
-0.002494
-0.045682
0.037694
~0.044324
0.029980
0.018353
0.006815
0.046800
0.004762
0.0961761
-0.118049
0.030644
-0.062675
0.030836
-0.024866
0.008064
0.029878
0.099997

10
10
11
11

11

12
12
12
12
12
13
13
13
13
14
14
14
14
14
15
15
15
15
16
16
16
17
17
18
18
19
19
20
20
21
21
22
22
22
22
22
22
22
23
23
23
23
23
23
23

23
24
24

50
61
26
41
57
22
217
41
51
62

24 -

30
45
58
14
30
45
49
60
24
39
54
65
32
48
59
25
57
217
58
29
59
31
60
38
65
25
29
35
4“2
46
55
60
23
217
31
37
43
417
52
59
64
29
36
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TABLE XXVI (Continued)

G MATRIX OF XYLITOL

8
%

-0.043281 10
0.012912 11
-0.006560 11
-0.051743 11
0.013969 11

0.050784 12
0.050433 12

. =0.051668 12

0.053113 12
-0.004895 13
0.033422 13
0.019298 13
-0.052116 13
~-0.001996 13
1.075349 14
0.053101 14
-0.050582 14
0.019278 14
0.002239 14
0.020811 15
0,059604 15
-0.010453 15
-0.019757 16
0.054240 16
0.061554 16
-0.044765 16

~0.006745 17

0.043890 17
-0.009811 18
-0.042267 18
-0.005667 19

0.042952 19

0.009586 20
-0.027377 20
-0.007772 21
-0.013432 22

0.098937 22

0.025259 22
-0.115782 22
-0.008954 22
-0.010732 22
-0.066785 22
-0.015202 22

0.170187 23
-0.046210 23
-0.031371 23

0.026426 23
-0.055889 23
-0.052999 23

0.047727 23

0.001261 23

0.018553 24

0.094465 24

0.024351 24

J

%15

-0.071670

. 1075349

0.060999
-0.051668
-0.049833

0.028850

-0.051796

~0.051744
-0.003277
1.075350
-0.051336
~-0.054510
-0.051585
0.000802
0.031743
-0.051103
0.051067
0.007355
-0.007846
~0.051493
-0.071924
1.075348
0.059385
-0.051983
0.012943
-0.031989
0.008193
0.039429
~0.003272
0.038795
0.004452
0.038111
0.005206
-0.031879
0.169073
0.035842
0.013639
-0.058135
-0.008293
-0.001079
0.017542
-0.012385
~-0.033312
-0.,022051
-0.000430
-0.004993
-0.009262
-0.029145
0.007444
- 0.169801
-0.014662
-0.116745

I

10
11
11
11
11

12

12
12
13
13
13
13
13
l4
14
L4
l4a
15
15
15
15
16
l6
16
16
17
18
18
19
19
20
20
21
21
22
22
22
22
22
22
22
22
23
23

23
23
23
23
23
24
24
24

57

22

34
50
61

2%

43
58
22
28
43
52
60
24
32
47
58
15
32
48
59
24
39
54
65
34
18
51
19
52
20
53
21
54
23
27
33
40
44
51
58
62
25
29
35
41
45
49
57
62
27
31
38

%y
-0.011789
0.022520
-0.055398
0.051464
-0.0736717

0.028935
-0.054790
-0.051812

0.006693

0.027356

0.051888

0.024072

0.051848
-0.042950

0.053932

0.032125
-0.051859
~0.043705

1.075349

0.054789
-0.051983

0.051163

0.031067
~0.055407
-0.042975
-0.070776

0.038424

1.054595
-0.040674

1.054595
-0.040787

1.054595
-0.040986

1.054595
-0.041101

0.097924
-0.020798

0.030437
-0.056653
-0.053382

0.047882
~0.024268
-0.004832

0.012887
-0.021272
-0.057184
-0.007788
-0.009204

0.029726

0.007412

0.041017
-0.027214

0.033959

0.038998




[

24
24
24
24
24
25
25
25
25
25
26
26
26
26
26
27
27
27
27
27
28
28
28
28
28
29
29
29
29
29
30
30
30
30
30
31
31
31
31
31
32
32
32
32
33
33
33
34
34
35
35
35
36
36

39
46

52 .

57
63
26
34
42
51
59
27
35
43
55

61

29
40
44
52
60
29
40
44
52
60
30
37
46
52
59
30
37
46
52
59
31
39
48
56
64
38
47
54
60
34
50
61
42
58
41
51
62
45
58

%1y

0.028199
-0.012378
0.009314
-0.035931
0.017736
0.040693
-0.012788
-0.057551
0.020419
-0.002507
-0.014674
-0.028168
0.055887
-0.032296
-0.002542
-0.046859
0.021626
0.100911
-0.026609
0.018155
-0.024604
-0.022849
-0.005192
0.071718
-0.037390
-0.062120
-0.034000
0.013671
0.001613
0.167680
-0.010566
-0.006845
0.027368
-0.007156
0.061128
-0.030186
0.054145
-0.030598
0.041680
-0.011748
-0.064627
-0.095196
-0.013915
0.008342
0.080283
-0.050982
0.020298
0.047060
0.021240
-0.098102
0.019335
-0.390323
0.727433

24
24
24
24
24
25
25

25

25
25
26
26
26
26
26
27
217
217
21
217
28
28
28
28
28
29
29
29
29
29
30
3o
30
30
30
31
31
31
3l
31
32
32
32
32
33
33
34
34
34
35
35
36
36
36

1.

43
47
53
58
64
27
35
43
55

61 -

28
40
44
57
62
30
41
45
57
62
30
41
45
57
62
31
43
47
53
60
31
43
47
53
60
32
45
49
58
65
39
48
56
64
40
55
34
50
61
42
57
36
46
59

-1ho-

TABLE XXVI (Continued)

2 MATRIX OF XYLITOL

G, -
=
0.030378
-0.014453
0.048870
0.004457
0.027549
-0.057513
1 0.030516
-0.140568
-0.010184
0.023279
-0.044934
-0.029229
0.010609
-0.046554
-0.001938
-0.048246
0.021874
0.002773
-0.163514
0.016428
0.031057
-0.112699
-0.038557
-0.016642
0.012778
0.021673
0.040801
0.027352
0.004453
-0.017079
-0.012158
-0.117210
0.014851
-0.003486
0.037668
0.019510
-0.044085
0.004703
-0.034689
-0.010968

-=0.009708

-0.140432
0.046275
-0.451893
-0.402777
1.007560
-0.097889
0.064703
-0.402421
-0.725306
0.961974
0.033512
-0.709459

.8,
£

24
24
24

24

24
25
25
25
25
25
26
26
26
26
217
27
27
27
27
27
28
28
28
28
28
29
29
29
29
29
30
30
30
30
30

31

31
31
31

32

32
32
32
32
33
33
34
34
35
35
35
36
36
36

44
48
54
59
65
28
40
44
57
62
33
41
50
58
27
35
42
46
58
63
35
42
46
58
63
32

48
57
63
32
44
48
57
63

31T

46
53

59

32
45
49
58
65
41
57
40
55
35
43
58

43

52
60

%1y

-0.053655
-0.041213
-0.015164
0.008843
-0.025502
-0.008853
-0.005755
-0.004065
0.013901
-0.027103
0.048929
-0.013686
-0.008467
0.168093
-0.006340
-0.117451
0.028682
0.021170
-0.026132
0.023513
0.023954
-0.045319
0.008301
-0.139805
0.011871
-0.116385
0.001548
-0.042224
0.168444
0.030038
0.038405
-0.049698
0.006625
-0.038809
-0.029973
0.055176
-0.041127
0.005623
0.173565
-0.008869
-0.014924
-0.117143
-0.140044
"0.738676
-0.141625

- -0.388285

0.959234
-0.413035
0.708046
0.036268
-0.097784
0.058457

I+

24
24
24
24
25
25
25
25
25
26
26
26
26
26
27
27
27
27
21
28
28
28
28
28
29
29
29

29

29
29
30
30
30
30
30
31
31
31

31
32

32
32

32

33
33
33
34
34
35
35
35
36
36
36

45
49
56
60
25
33
41
50
58
26
34
42
51
59
28
36
43
51
59
28
36
43
51
59
29
36
45
49
58
64
36
45
49
58
64
38
47
54
60
37
46
53
59
33
42
58
41
57
40

44 .

59
44
57
63

G. .
=

-0.062189

~0.061520
-0.066820
-0.017086
0.173098 -
-0.009379
-0.009417
0.016638
-0.00729¢4
0.059762
0.012123
0.033262
-0.038501
0.033406
-0.047882
0.023491
-0.004199
0.023794
-0.045103
0.165389
-0.007759
0.098085
-0.033399
0.006980
0.166475
-0.003412
-0.001239
-0.013511
-0.008607
-0.041662
~0.059460
-0.035894
0.019699
0.002635
0.165355
0.010660
0.033360
-0.020901
-0.009232
-0.058653
1 0.027682
0.019120
0.009888
1.004426
-0.057925
-0.052805
-0.468479
~0.727071
0.036100
0.034506
-0.009267
-0.396026
-0.009057
-0.024530




37
48
59
39
54
65

49

60
42
51

- 59

42
51
59

43

55

-3 %
45 -

517

62 -

46

- 58

63
48
57
63
48
57
63
49
58
65
54
60
53
59
50
61
59
58
53
64
60
58
60
59
63
61
59
64
64
63

%1y

0.962094
0.016971
-00713962
0.010131
0.019597
0.078647
-0.468196

'—=0.732069

~0.048354
0.008191

 -0.033010

‘0105273

-=0.028091

0.034758

' =04422945

0.036364
0.037358
-0.053414
0.711845
-0.829159
0.015716
0.016435

—~0.854747

0.028602

0.047475
- 0.847335

0.027495
0.028989
0.020058
-0.039614
-0.016678

-0.001976

-0.050290
0.012845
0.005803
0.037442
1.224163

-0.053020

-0.021797
0.029747
1.222578

-0.031161
0.013655
0.004996
0.004000

0.015472:

-0.001803
0.038333

- 1906343

-0.451707
‘00361642
2.412371

row, j = column.

[

37

37
38
38
39
39
39
40
40
40
41
41
41
42
42
42
43
43
43
44
44
45
45
45
45
46
46
46
47
47
48
48
48
49
49
50
51
51
52
53
54
54
55
56
57
58
58
59
59
60
64

1.

45

60
47
56
39
54
65
43
5%
61
43
55
61
44
57
62
46

63
51
59

45

49

58

64
49
58
64
53
59
48
56
64
54
60
55
51
62
59
58
54
65
61
65
60
58
62
60
65
65
64

=-0.010652

-1k43-

TABLE XXVI (Continued)

G MATRIX OF XYLITOL

-8
=TI
0.030601
0.042012
0.744616
0.015799
~-0.38827%
1.004484
0.080108
0.044789
-0.055977
-0.431401
-0.828183
0.024752
-0.431401
0.003774
-0.056665
-0.006220
0.842453
~0.018168
0.003554
~0.021822
0.003032
0.670059
0.954444
-0.017064
-0.687207
0.023074
-0.055513
0.043261
0.829903
-0.001603
0.692864
1.006800
-0.425674
-0.022792
-0.016926
0.001240

37
37
37
38
38
39
39
40
40
40
40
41
41
41
42
42
43
43
43
44
44
44
45
45
45
46
46
46
47
47
47
48
48
48
49
49
50
51
52
52
53
54
55
56
57
57
58
58
59
60
61
65

1.221271
' 0.020150
-0.042978
-0.040054
1.223056
0.083533
0.843735
0.893212
0.012760
1.924766
-0.430866
-0.521533
0.019258
-0.560925
2.403720

.'j-.

46
53
64
48
59
47
56
40
44
57
62
44
57
62
50
58
43
51
59
44
52
60
46
52
59
46
52
59
47
54
60
49

58

65
56
64
57
57
52
60
59
56
55
56
57
61
59
63
62
60
61
65

%y
~0.421979
-0.096038
-0.029380
-0.471960
-0.045541
-0.057586
-0.391608

1.005973
0.029018
-0.002681
0.022783
-0.024390
-0.011165
0.023260
-0.032910
-0.704271
0.958397
-0.036903
0.040275

" 0960903

-0.004802
~-0.015752
0.098989
-0.039918
-0.002601
0.960106
-0.035641
-0.001771
0.963733
-0.001936
0.008315
0.005266
0.017599
-0.819765
=0.425674
~0.023696
-0.038345
-0.034328
1.221737
-0.038813

=0.041794

0.068817
1.8476488
1.846179
2.878352
~0.4T4442
f00516137
-0.390504
0.006935

2.882328

2.276561
2.341802

37
37
38
38
38
39
39
40
40
40
41
41
41
42
42
42
43
43
43
44
44
44
45
45

45

46
46
46
47
47
47
48
48
49
49
49
50
51
52
52
53
54
55
56
57
57
58
58
59
60
62
-1

J

47
58
38
49
60
48
59
41
50

58

41
50
58
42
51
59
44
52
60
45
57
62
47
53
60
47
53
60
48
56
64
53
59
49
58
65
58
58
57
63
60
59
57
59
58
62
60
64
63
63
62

0

%13
-~0.368658
0.055435
1.005187
-0.141119
0.726009
-0.140765
0.053979
0.004475
0.054960
~0.035968
1.005973

-0.041932

0.042592
0.962288

' ~0.009809

0.052235

. =0.048009

0.008152
-0.00278%
~0.450868

0.036649
~0.024983

0.013462
-0.035465

0.035872
-0.450254
-0.041796
-0.698030

0.105558

0.041434

~0.868603

-0.024932

~0.047445

1.006802
-0.002659
~-0.030791
-0.040850

0.045721
-0.021312
-0.026244%

0.030049

0.012410
-0.002838
-0.008240
-0.489003
-04398404

0.003984

0.040926
-0.411857

0.037086

2.390083

0.0




-1hk-
TABLE XXVII

Er’ MATRIX OF RIBITOL

I

ﬂﬂ\lﬂ@@&&\ﬂ\ﬂm\ﬂ&bb#&J“J*WNWWUUWUNNNNNNNNv—O—wi—'MPP

P pus
OO0 VVOVOVDBOD®

J gii i gii J gii L gij
| § 0.166512 1 2 -0,031861 1 5 -0.,029157 1 6 -0.029021
10 -0.,027752 1 11 -0,027752 1 12 -0.0277%2 1 22 -0.050142
23 -0.049630 1 25 -0.054649 1 26 -0.019134 1 27 0.060606
28 0.020732 1 33 0.062615 Lt 34 0.064410 1 35 0.062223
40 -0.071816 1 41 -0.071816 1 &2 -0.070084 1 43 0.0603%6
44 0.034325 1 50 -0.054500 1 51 0.018281 1 55 0.074132
58 0.008071 1 59 0.007823 1 61 -0.078581 1 62 -0.060151
2 0.166512 2 3 -0,033730 2 6 -0.030452 2 7 -0.024897
12 -0.021511 2 13 -0.027752 2 22 -0.050939 2 23 -0.049913
24 0.023356 2 25 0.016248 2 26 -0.029363 2 217 -0.054530
28 ~-0.055948 2 29 0.057546 2 30 -0.049871 2 35 0.057488
36 0.093654 2 40 0.035000 2 41 -0,.049952 2 42 0.0595133
43 -0.071812 2 44 -0.070085 2 45 0.069832 2 46 0.029338
51 0.031093 2 52 -0.039292 2 57 -0.017340 2 59 0.006993
60 0.048101 2 62 0.065609 2 63 -0,092800 3 3 0.166512
4 -0.033198 3 7 -0,029070 3 8 -0.028202 3 13 -0.029919
14 -0.027752 3 22 -0.,049113 3 23 -0.049620 3 24 -0.050297
217 0.033728 3 28 0.058058 3 29 -0.054941 3 30 ~-0.054817
31 -0.026338 3 32 -0.049731 3 36 0.060288 3 37 0.066406
43 0.017591 3 44 0.069849 3 45 -0.069370 3 46 -0.070084
47 0.061376 3 48 0.027173 3 49 0.030479 3 52 -0.010153
53 0.007560 3 57 0.007660 3 58 -0.017835 3 60 0.013246
63 0.094304 3 64 ~-0,102860 4 4 0.166512 &4 8 ~0.024936
9 -0.026418 4 14 -0.020603 4 15 -0.027752 4 16 ~-0.0277152
23 0.023428 4 24 -0.050066 & 29 0.025904 4 30 0.056190
31 -0.020106 4 32 -0.055641 & 37 0.054302 4 38 0.074344
39 0.061264 4 45 - 0.049769 & 46 0.059969 4 47 ~0.072024
48 ~-0.071816 4 49 -0.071816 4 53 -0.049988 4 54 -0.054680
56 0.061737 4 58 0.048397 4 59 -0.017743 4 64 0.099549
65 0.088035 5 5 0.145758 5 10 -0.024798 S5 11 -0.026932
17 -0.021377 5 22 0.016473 5 25 -0.051645 S5 26 -0.,007863
33 -0.072715 5 34 ~0.072077 5 40 0.060561 5 41 0.062750
42 -0.051179 5 50 -0.0605950 S 55 0.069091 S 57 0.003837
58 -0.052980 6 6 " 0.145758 6 12 -0.025432 6 18 -0.021377
22 0.058489 6 23 0.034335 6 25 0.030522 6 26 0.066943
27 -0.050513 6 28 -0.049715 6 35 -0.070783 6 40 -0.051150
41 0.020937 6 42 0.060170 6 43 0.056689 6 44 0.010656
51 -0.060550 6 57 0.017023 6 58 -0.015078 6 59 0.040525
7 0.145758 17 13 -0.020218 7 19 -0.021377 7 22 0.021413
23 0.054224 17 24 0.026469 7T 27 -0.050972 7 28 -0.051790
29 ~-0.051158 17 30 0.024489 7T 36 -0.072111 7 43 0.030889
44 0.049677 1 45 0.056312 7T 46 -0.050959 T 52 -0.060550
57 -0.051042 17 58 0.023991 7 59 -0.013953 7 60 ~0.047738
8 °~ 0.145758 8 14 -0.031532 8 20 -0.021377 8 23 -0.051324
24 0.053272 8 29 0.024589 8 30 -0.051367 8 31 0.068362
32 0.020427 8 37 ~0.068798 8 45 0.030547 B8 46 0.065130
47 0.055803 8 48 0.022712 8 49 -0.052067 8 53 -0.060550
58 -0.002296 8 59 0.008985 8 60 -0.005301 9 9 0.145758
15 -0.040324 9 16 -0.026941 9 21 -0.021377 9 24 -0.,051427
31 -0.003300 9 32 -0.052012 9 38 -0.066642 9 39 -0.072074
47 0.031800 9 48 0.073008 9 49 0.059327 9 54 ~-0.060550
56. 0.074819 9 59 ~0.008481 -9 60 0.010821 10 10 1.075350
11 ~-0.030076 10 22 0.035717 10 ‘25 0.,051665 10 26 0.030946
.33 -0.055696 10 34 0,061599 10 40 ~0.051984 10 41

0.064283




1<

42
58

25

40
55
12
26
40
44

59

23
29
44

5T.. -
-63

29

37

48

59 .
16-

38

49’
60.
+ 31
- 47

56
17
50
26
57
28
58
30
59
32

60 -

24
28
34
41

45
52

59
63
26
30
36
42
46
51
58
63

32

Sy
0.018035
0.040882
0.053732
0064283
-0.071029
1.075349
~0.024804
0.018035

-—-0.050821

-0.053623
0.057949
0.049248

-0.051170
0.040375

-0.051272

-0.053922

-0.053035
0.008217

'=0.016061
'=0.051332
-~ 0049811
" ~-0.037066

0.031232
0.020709

- =0.074742

1.054594

-0.041158
-0.011791 .

-0.041583
~0.029048
0.030857
0.005668
0.043266
-0.040676
0.008077
~0.039669
0.033822
0.101590

- 0022734

0.021456
-0.008477
-0.040501

0.012037 -

0.098877
-0.114488
0.039697
-0.060111
~0.017599
0.010993
-0.001277
-0.045932
0.097754

J
50
61
26
41
57
22
27
41
51
62
24
30
45
58
14
30
45
49
60
24
39
54

65

32
48
59
25
57
27
58
29
59
31
60
38
65
25
29
35
42

46

55
60
23
27
31
37
43
47
52
59
64
29
36

-1h5-

TABLE XXVII (Continued)

A
%1y

0.023608
~0.018360
-0.003678
-0.051984
-0.013444

0.048423

. 0.046622

0.031717
-0.054928
-0.003554
-0.050645

0.030298
~0.050948
~0.002861

1.075349

0.057112

0.017479

0.021282

-0.008799
0.027936
0.065696
0.021921
0.016894
0.051808
0.049811

~0.044854

-0.041047

-0.003237
0.023568
0.036483

-0.007643

~0.043379
0.012138

~0.018841
0.017676
0.020720

-0.031996
0.028306

-0.117704

-0.006251

-0.004282
0.020379

-0.011163
0.171198

-0.067395

-0.030592

0.030281.

-0.034637
-0.053000
0.049722
-0.012841
10.022862
-0.051411
0.019057

i

10
11
11
11
11
12
12
12

12°

13

13

13
13
13
14
14
14
14
14
15
15
15
16
16
16
16
17
17
18
18
19
19

20

20
21
22
22
22
22
22
22
22
22
23
23
23
23
23
23
23
23
24
24
24

G,MATRIX OF RIBITOL

J

55
11
33
42
58
23
28
42
57
13
27
36
46
59
23
31
46
53
64
31
47
56
16
38
49
60
33
61
35
62
36
63
37
64
39
22
26
30
36
43
50
51

61

24
28
32
40
44
48
53
60
24
30
37

8

-0.071029°

1.075351
0.062365
0.031717
0.011025
0.018588
0.031271
-0.051983
0.000245
1.075350
0.010794

~-0.056876

0.017301
0.005859
0.030255

-0.026032

-0.051472
0.041343
0.012599

-0.003998

-0.051607

~0.074741
1.075349
0.059756
~0.051710
0.029820
0.017446
-0.011631
-0.040694

-0.002321"

0.039201
-0.003303
0.031513
0.010798
0.026459

0.039027

0.014467
-0.056742
-0.005411
-0.007002

0.026823
-0.049604
-0.046961
-0.021051
-0.001882
-0.013079
-0.019881
-0.023121
-0.000237
~0.047994%

0.172542

" =0.019297

-0.121019

J

57

22
34
50
61
25
35

43

58
22

28 -

43
52

60

24

‘32

47

58

15
32
48

59

24
39
54
65
34
18
51
19
52

. 20

53
21
54
23
27
33
40
44
51
58
62
25
29
35
41
45
49
57
62
27
31
38

%5

10.009919
~0.050976 .
-0.055207
0.031256
0.096513.
-0.051514
~0.055790"
-0.052431
0.007455
0.035028
0.044424
-0.049599
0.053905

—0.,006046

0.048481
0.032490
-0.053140
-0.045547
1.075350
0.064260
~0.051710 -
0.047449
0.031335
~0.055516
0.035489
-0.118069
0.023302
1.054595
-0.041332
1.054594

-0.041361

1.054595
-0.041101
1.054595
-0.041390
0.097923
-0.0256178
-0.055805
-0.071181
~0.068913
-0.048597
0.003063
-0.005802
0.000516

~0.021166

-0.059008
0.012346
~0.020734
0.029350

-0.002218

0.024953
-0.018484
0,035449
0.037192




39
46
52
57
63
26
34
42
51

27
35
43
55

61
29

40
44
52
60
29
40
44
52
60
30
37
46
52
59
30
37
46
52
59
31
39
48
56
64
38
47
54
60
34
50
61
42
58
41
51
62
45
58
37

%1y

0.028978
-0.005480
-0.033618
-0.032655
-0.015325

0.048239

' -0.009758

0.102041
0.032184
0.037564

-0.012121
0.054919

-0.036419

0.005903
0.015456

0.014542
-0.021281
0.003082
0.022764
-0.025650
0.027686
0.007669
0.069692
-0.002177
-0.046895
0.0261738
0.100878
0.018707
0.006734
0.168861
-0.016012
-0.012971
0.031987
-0.013194
0.060269
-0.029048
0.043962
-0.030293
0.038366
-0.027847
~-0.059088
0.098454
-0.019709
0.006486
-0.043627
0.072360
0.028336
0.052306
-0.056884
0.102073
0.014062
-0.394676
-0.757443
0.968045

I

24
24
24
24
24
25
25
25
25
25
26
26
26
26
26
217
21
21
21
27
28
28
28
28
28
29
29
29
29
29
30
30
30
30
30
31
31

31
31
32
32
32
32
33
33
34
34
34
35
35
36
36
36
37

43
47
53
58
64
27
35
43
55
61
28
40
44
57
62
30
41
45
57
62
30
41
45
57
62
31
43
47
53
60
31
43
47
53
60
32
45
49
58
65
39
48
56
64
40

34
50
61
42
57
36
46
59

45
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TABLE XXVII (Continued)

G MATRIX OF RIBITOL

(e

%y J

0.031802 44
~0.007024 48
0.062477 54
-0.040831 59
0.003520 65
-0.046267 28
0.017317 40
0.029214 44
-0.140769 57
0.082236 62
-0.030021 26 33
~0.044840 41
0.015983 50
0.014860 58
0.007860 27
-0.008726 35
0.030112 42
~-0.052083 46
0.005648 58
~0.026542 63
0.024859 35
0.000836 42
-0.116699 46
0.038863 58
-0.013276 63
0.022334 32
-0.047240 44
0.018322 48
-0.032368 57
0.049209 63
~0.015715 32
~0.006467 44
-0.113089 48
-0.013755 57
-0.015035 63
0.036547 37
0.010800 46
-0.0643682 53
0.008423 59
-0.051231 32
-0.007052 45
-0.022579 49
-0.129102 58
0.045421 65
-0.433035 41
-0.411079 57
1.006259 40
-0.059045 55
-0.158739 35
-0.413481 43
-0.716981 58
0.954977 43
0.039460 52
0.723392 60
-0.057820 46

%12
0.023503
-0.055822
0.012986
0.012713
-0.029204
-0.004318
0.027836
0.012966
-0.022295
0.041615
0.015234
-0.006126
0.170886
-0.001968
-0.119051
0.026879
-0.002215
0.025011
0.025772
-0.056324
0.018414
-0.011224
0.136826
-0.011939
-0.117359
0.029907

0.041483.

-0.159230
0.029347
0.028210

-0.048175

-0.000666
0.038985

-0.030309
0.057371

-0.045606

-0.000590
0.169178
0.013510

-0.003354

-0.016459

-0.,087705

-0.139403

-0.749166

-0.140780

-0.398863

0.961409
- -0.394520

0.696354
0.013217
-0.095269
0.058095
-0.445212

=

24
24
24
24
25
25
25
25
25
26
26
26
26
26
27
27
27
27
27
28
28
28
28
28
29

29

29
29
29
29
30
30
30
30
30

31

31
31
31
32

32

32
32
33
33
33
34
34
35
35
35
36
36
36
37

([

45
49
56
60
25
33
41

50

58
26
34
42
51
59
28
36
43
51
59
28
36
43
51
59
29
36
45
49
58
64
36
45
49
58
64
38
47
54
60
37
46
53
59
33
42
58

41

57
40
44
59
44
57

.63

47

%1y
0.102843
-0.062615
~-0065927
~0.016557
0.171671
-0.006909

- =0.007498

0.100281
0.043475
0.060022
0.013362
0.033573

-0.002900
0.030560
0.094641
0.045652
0.001573

-0.057968

-0.032110
0.165907
0.001026

-0.056488

-0.013396
0.000610
0.170735

-0.005800

-0.000178

-0.019986
0.001569
0.018483

~0.055624

-0.060692
0.019541
0.006892
0.169967
0.009985
0.032074
0.018587
0.007174

-0.061993
0.025773
0.011420
0.012939
1.003523
0.041854
0.020680

-0.44732)
0.737100
0.041015
0.039719
0.007842

-0.334488
0.017643
0.025270

-0.357038



-

48
59
39
54
65
49
60

42

51

59

42
51

59
43

55
61

45

57

62
46

58

63
48

57
63
48
57
63
49
58
65
54
60
53

59

50

61

59
58
53
64
60
58
60

63
61
59
64
64

63

%1y

0.031064
-0.702713
0.004186
~0.048648
-0.076077
-0.790356
-0.036863
0.000762
-0.026798
-0.064830
-0.031627
~-0.009729
-0.425001
-0.066450
0025417
0.030632
04704531
-0.795923
-0.051970
0.000291
0.857524
-0.004408
-0.051516
~0.821427
0.021595
0.032155
-0.025760
-0.040492
-0.011387
-0.035657
0.043390
0.044335
0.008612
0.042888
1.223306
0.075238
0.029718
-0.034877
1.223063
-0.058887
-0.006078
-0.069327
0.008056
0.014846
0.002630
0.004152
- 1.960254
-0.499425

- =0.337780

2.329207

I

37
37
38
38
39
39
39
40
40
40
41
41
41
42
42
42
43
43
43
44

44

45
45
45
46
46
46
47
47
48
48
48
49
43
50
51

52
53
54
S4
55
56

58
58
59
59
60
64

e

49

60
47
56
39
54
65
43
55
61
43
55
61
44
57
62
46
58
63
51
59
45
49
58
64
49
58
64
53
59
48
56
64
54
60
55
51
62
59
58
54
65
61
65
60
58
62
60
65
65
64
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TABLE XXVII (Continued)

G MATRIX OF RIBITOL

G, .
=

0.041273
0.720832
0.022046
-0.412795
1.007272
-0.067307
0.186305
-0.054927
-0.445046
0.867168
0.025900
-0.004358
0.011197
-0.004188
0.793168
-0.023918
-0.000735
0.017487
0.032351
‘0.662579
0.963899
-0.011752
0.665367
-0.042009
-0.057451
0.033799
0.831629
0.016939
0.690470
1.005859
~0+354840
~0.027647
0.029521
-0.025950
-0.073278
1.224042
0.014539
- 0.049469
-0.041434
1.224290
-0.099492
-0.865504
0.942228
0.021600
1903956
-0.452473
-0.498623
0.061584
-0.554220
2.450256

i

37
37
38
38
39
39
40
40
40
40
41
41
41
42
42
43

43

43
44
44
44
45
45
45
46
46
46
47
47
47
48
48
48
49
49
50

51

52
52
53
54
55
56
57
57
58
58
59
60
61

65

J

53
64
48
59
47
56
40
44
57
62
44
57
62
50
58
43
51
59
44
52
60
46
52
59
46
52
59
47
54
60
49
58
65
56
64
57

57

52
60
59

56

55
56
57 .
61
59
63
62
60
61
65

%1y

-0.081657
-0.052088
-0.518993
-0.050076
-0.060317
-0.500386
1.006802
-0.012568
-0.023041
0.018501
-0.014367
0.024815
-0.030605
0.013754
-0.683603
0.953067
0.016024
"0.041920
0.960333
-0.008023
-0.050549
-0.035780
-0.044135
0.006464%
0.961360
-0.000860
0.001417
0.953761
-0.001709
0.034639
0.023143
0.022979
~0354841
-0.024533
0.001898
0.041487
1.224161
-0.019003
-0.036478
-0.063857
1.850639
1.827174
2.877733
-0.405915
-0.580548
-0.325325
-0.000228
2.847345
2.380278
2.634606

=

37
38
38
38
39
39
40
40
40
41

41
41

42
42
42
43
43
43
44
44
44
45
45
45
46
46
46
47
47
47
48
48
49
49
49
50
51

52

52
53
54
55
56
57
57
58
58

59

60
62
-1

58

38

49
60
48
59
4t

50

58
41
50

42
51
59
44
52
60
45
57
62
47
53
60
47
53
60

48

56
64
53
59
49
58
65
58
58
57
63
60
59
57
59
58
62
60
64
63
63
62

0

G, .
=

' 0.053953
1.024533
-0.150541
0.723874
-0.140875
0.057686
0.001154
0.041429
-0.033849
1.006803
0.033583
-0.011710
0.963112
0.034330
0.045354
0.096381
-0.026628

"=0.012054
-0.502783

‘0.039596
~0.014483
0.038366
0.031483
0.002742
-0.435271
-0.050717
-0.665484
0.100905
0.034367
~0.887930
-0.019610

' =0.051374

1.005857
~0,006242
0.014755
0.012861
-0.043718
0.020088
0.024223
0.018004
-0.005746
0.004707
~0.002887
-0.483593
~0.467737
~0.006362
0.038561
-0.411680
-0.039466
2.215719
0.0




I
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%1y

0.166512
-0.027752
-0.050401
-0.006805
-0.018524

0.019710
-0.015319

0.166512
-0.026110

0.025712

0.058254
-0.004828
-0.070084

-0.049101 .

0.046633
0.166512
-0.027752
0.024235
0.056646
0.058606
0.004148
0.017661
-0.016190
~0.050900

-0.018241
0.064913

0.026268
-0.069943
-0.024411

0.017969
-0.029232
—0.051244
-0.069603
-0.006712

-0.011126
0.026310
-0.050481
0.056323
-0.034769
-0.056832
. 0018697
-0.043599
0.056275
-0.030617
-0.069213
1.075351
-0.026741
-0.000891
-0.051270
0.046926
0.020085
0.047705

|t

st ot et et e
HP‘OOOOOQOOQO@Q\IN#NOO‘OO*O*U‘\JOU\U!UI“&&l‘wquUWwNNNNNNNNF-'-‘t—r—NP'U—

1

20
26
33
40
48

11
21
25
33
37
42
50

13
23
30
ar
43
51

21
33

15
21
32
36
48
16
23
35
39
48
13
25
38
47
18
27
40
49
21
33
46
18
22

41
49
19
25
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TABLE XXVIII

G MATRIX OF ERYTHRITOL

-1
-0.031592
-0.027752
-0.054017

0.056958
-0.018524
0.035686
0.002293
-0.032397
-0.027752

-0.024024

-0.003429
0.026107
0.060130
0.042027

-0.095285

-0.028825

-0.027752

-0.027538
0.053983

-0.072111
0.011435

-0.066599

-0.029285

-0.005746

-0.027348

-0.009819

-0.021377
0.065957
0.025589
0.030620

-0.049832

-0.021377
0.066642

-0.001489
0.026479

-0.022346

-0.026476
0.065005

-0.015114

-0.049396
0.031972
0.057859

0.021710 -

-0.090438
-0.004723
0.359456
0.008118
0.052625
0.048646
-0.004190
0.044600
0.000289
0.047438

0.029914

.a
L

OOOOO@&QNN\IO‘O‘00*O‘\n\ﬂ\-ﬂU\U\#J‘-&‘4‘wu‘wuwwuNNNNNNNNh‘ﬂﬂwo—éo—

J

4
10
21
27
34
41
49

5
18
22
28
34
38
46
51

1

18 -

24
31
38
45
52
14
26
34
417
18
22
33
41
49
18
24
36
42
52
17
30
39
48
20
32

44

9
26
34
47
19
23
34
46
50
22
29

%)

-0.030107
-0.027752
-0.018771
0.067471
-0.070084
0.003767
0.014759
-0.022956
-0.050511
-0.055691
0.055237
0.063645
0.026710
0.008685
0.069363
-0.031726
-0.050181
-0.053979
0.065472
-0.018698
0.083138
-0.018936
-0.021377
-0.074718
-0.050899
0.047353
0.051446
-0.052409
-0.001992
~0.060550
-0.046891
0.029955
-0.051285
0.062286
-0.060550

0.047362 .

-0.021377
-0.073017
-0.025803
0.198014
0.043530
0.359455
-0.069212
1.075350
0.062328
0.027428
-0.001845
0.028491
-0.003815
-0.051473
-0.001101

'-0.011409
0.030033.

-0.053874

[EN
IW
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1.

18
22

28

35
44
50

19

23

29

35

39
48
52
11
19
25
35
39
46

18
27
40

19
23
34

46

19
25
37
46

19
31
43
21

46
18

27

40
49
20
28

35

47
11
23
35

%1y

-0.029700
-0.050445
0.054969
 0.065068
-0.025973
0.079229
0.099524
-0.027791
~-0.050357
-0.019245
0.063477
-0.019005
-0.003567
-0.134891
-0.049038
-0.020217
-0.050226
-0.018279
-0.003229
-0.018698
0.002273
0.145758
0.025910
-0.071304
~0.060550
0.145758
0.025288
0.030380
0.063524
-0.007567
0.145758
0.055983
~0.006512
0.057587
0.045140
0.145758
0.021997
-0.069853
-0.060550
1.075350
0.030493
-0.030617
0.000478
-0.051444
-0.054236
-0.053491
0.067689
-0.051471
~0.054514
0.360542
-0.001525
1.075350
-0.026744
0.025902




36
42
51
19
31

43

52
25

38

47
20
46
22

4T,
24

48

30

21
25
29-

35
39
44
49
19
23
29
33
37
42
47

22
28
35
44
49
23
32
36
46
50
25
33
37
42
49
23
29
35
39
47
51

%19

-0.051405
-0.050593
-0.006739
-0.050987
0.054216
-0.055768
-0.070097
-0.026313
~0.034420
0.046655
0.027002
-0.032910
-0.036035
- 0.020064
0.003119
0.043137
-0.039698
-0.016362
0.031620
0.013282

- =~0.057876

0.032435
0.014754
' 0.027795
-0.097263
0.171059
0.036609
-0.118786
0.006076
~04005412
~0.045681
-0.006944
~0.002811
-0.046585
0.023103
-0.029937
~0.142466
~0.058862
0.019621
0.030179
0.026428
~0.004552
0.057394
0.006850
~0.022050
-0.053329
-0.011545
-0.001214
0.058968
-0.026323
-0.012236
0.017568
~0.005572

0.003035

37
46
52
24
37
45
13
30
39
48
26
49
28
50
29
51
31
18

22

26
32
36
40
46
50
20
24
30
34
38
43
48

23
32
36
46
50
26
33
40
47
22
28
34
38

46

50
24
32
36
41
48
52
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TABLE XXVIII (Continued)

S MATRIX OF ERYTHRITOL

G,
=

~0.053030
~0.051143
0.002806
0.033969
0.017800
~0.064534
1.075350
0.058960
0.351840
~0.143718
0.015614
0.011901
0.033439
~0.008459
-0.038117
~0.005231
0.029420
0.170143
~0.017786
~0.056222

0.045048.

~0.039544
0.029169
-0.013979
~-0.004087
~0.008189
~-0.023751
0.019993
0.030605
~0.043457
0.034613
0.165041
0.097940
0.004124
0.022601
0.031026
0.010357
~0.015339
~0.021012
~0.013674
0.001407
0.005250
0.162922
~0.002373
'0.113991
~0.001062
~0.006814
0.124327
~0.013945
0.009274
0.035933
0.007596
~0.074898
0.021532

i

11
11
12
12
12
12
13
13
13
13
14
15
15
16
16
17
17
18
18
18
18
18
18
18
18
19
19
19
19
19
19
19
20
20
20
20
20
21
21
21
21
21
22
22
22
22
22
22

23

23
23
23
23
24

J

38
47
12
25
38
47
19
31
43
52
217
15
41
16
42
17
43
19
23
27
33
a7
41
47
51
21
25

31.

35
39
45
49
20
26
33
40
417
21
27
34
41
48
23
29
35
39
47
51
25
33
37
42
49
24

%1y

-0.002604
-0.000385
1.075350
-00015412
0.351840
-0.008173
0.028447
-0.054626
0.039540
0.080903
-0.040312
1.054594
-0.040872
1.054595
-0.040590
1.054594
-0.040646

0.098822

0.046266
0.023830
-0.043201
0.036351
0.044308
0.002182
0.028166
0.005130
0.037079
-0.054846
0.041645
0.041819
0.033762
‘0.011696
0.169663
0.002360
0.033886
-0.065841
-0.041513
0.058713
0.012253
0.035932
-0.012027
-0.034404
-0.044815
0.029922
0.027897
-0.017090
-0.004808
-0.014264
-0.005319
-0.004154
0.053952
0.011738
-0.021894%
0.167561

.8
1

11
11
12
12
12
12
13
13
13
14
14
15
15
16
16
17
17
18
18
18
18

18

18
18
18
19
19
19
19
19
19
19
20
20
20
20
20
21
21
21
21

21

22
22
22
22
22
22
23
23
23
23
23
24

J

39

48

13
30
39
48
24
37
45
14
40
21
46
23
47
25
48
20
24
28
34
38
42
48
52
22
28
32
36
41
46
50
21

27

34
41
48
22
28
35
44
49
24
32
36
41
48
52
28
34
38
46
50
25

81y

-0.00%5138

0.172611
-0.040173
-0.057100
-0.034420
-0.015296
-0.051536

0.024114

-0.064534%

1.054594
-0.006475
-0.043645
-0.020307

0.027219
-0.009143

0.042938

-0.050346

0.020521
~0.117539
-0.011808

0.005813
-0.013674

0.031674

0.01425%9
-0.046227
~0.060560

0.013952
-0.003892

0.011231
-0.004464
-0.045077

0.042816
~0.014096

0.101585
-0.032001
-0.033064
-0.015322

 -0.025325

-0.023639
-0.036784%4
-0.062685
0.025209
-0.018140 "
-0.057315
0.084979
0.096343
-0.021307
-0.032391
0.011880
0.001531
0.027644
0.011931
0.042798




.a
ES

24
24
24
24
25
25
25
25
25
26
26
217
27
28
28

- 28
29
29
29
30
30
30
31
31
32
32
32
33
33
33
34
34
34
35
35
35
35
36
36
36
37
37
37
38
38
39
39
40
40
41
42
42
43
44
45
46
46
47
48
49
51

29
36
42
47
25
35
39

46

52
33
46
32
44
28
35
47
29
38
47
30
39
48
38
47
33
40
47
33
40
47
34
41
48
36
41
48
52
39
47
51
39
46
52
43
48
42
47
40
49
48
46
52
48
47
48
48
52
50
49
49
52

_}J

~0.001371
-0.116851
-0.007526
-0.,008051
0.058482
0.008707
-0.017658
-0.017372
-0.032535
0.056555
0.762550
0.055884

0.962892

0.104311
-0.744783
0.962954
0.010934
0.714694
0.925598
0.053593
-0.945813
0.052957
0.C09669
-0.020214
0.023313
-0.023653
0.259241
-0.028931
0.C006617
0.961361
-0.049540
-0.050154
-0.039129

. 0.020140

0.096863
0.008655
0.009395
0.C03276

-0.801152
0.041703
0.043581

-0.000214

-0.036184

-0.0643162

-0.000712
0.025623
1.222099

-0.055609
0.018148
0.023564

-0.020280

-0.069483
0.064868
1.558677

-0.085507
0.017585

-0.331722
0.021742
1.495232

-0.029792

a,
1 = row, J = column.

24
24
24

24

25
25

25
26
26
26
27
21
28
28
28
29
29
29
30
30
30
31
31
32
32
32
33
33
33
34
34
34
35
35
35
36
36
36
36
37
37
38
38
38
19
39
40
41
41
42
43
43
44
45
46
41

41

48
49
52

30
37
43
48
29
36
42
417
26
34
47
33
46
32
36
48
35
39
48
31
43
52
39
48
34
41

48.

34
41
48
35
44
49
37
42

49

36
41
48
52
42
47
38
45
51
43
48
44
41

49

47
43
52
49
52
49
47
51
50

50 .

52
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TABLE XXVIIT (Continued)

G, MATRIX OF ERYTHRITOL

G. .
=

-0.053724
-0.001561
-0.029937

0.122640
-0.024197
-0.026181
-0.016631
-0.037523

0.991347

0.037841

. =0.011861

0.148204
-0.708976
-0.029747

0.017670

0.009982
-0.025984
-0.026598
-0.904480

0.007840

0.089729

0.055986

0.142312
-0. 746542

0.035743

0.002000
-0.012139

0.045151
-0.013815
-0.000763

0.142618
-0.065841
-0.004372
-0.019819
-0.019484

0.010286

0.961131
-0.019919

0.648950

0.054959

0.041052
-0.704197

0.254694

0.155736.

0.026864
0.030191
~0.105622
0.045365
1.222096
-0.021804
~-0.028471
1.221144
0.074206
0.032472
-0.016186
-0.043782
1.927681
-0.509391
-0.004772
-0.041070
1.461962

.8
1

24
24
24
24
25
25
25
25
26
26
26
27
27
28
28
28
29
29
29
30
30
31
31
31
32
32
32
33
33
33
34
34
34
35
35
35
36
36
36
37
37
37
38
38
38
39
39
40
41
41
42
43
44
45
46
46
47
47
48
50

-1

J

8

0.022250
0.048371
0.026314
0.017302
-0.031208
-0.042955
-0.006252
0.195%675
0.008782
-0.036762
0.145379
0.,033237
-0.056658
0.006835
-0.084631
-0.055935

~0.424295

0.096616
0.027249
0.035235
-0.345144
0.944396
-0.073304
-0.133877
-0.001659
0.143342
-0.073026
0.002757
0.143342
0.062739
0.028607
0.008007
-0.818905
-0.004194
0.259662
-0.320561
-0.423780

. 0.001582

-0.013075
0.952756
-0.004898
-0.294259
-0.023420
-0.002470
-0.067666
0.155736
0.008541}
0.033141
0.044190
0.049396
-0.179013
0.024308
1.858497
1.747245
2.872236
~-0.477827
-0.%87418
0.024671
-0.498499
2.406438
0.0

35
39
46
52
31
38
45
51
32
44
21
40
49
34
46
50
37
46
52
38

47

37
45
32
36
46
50
30
46
50
40
47

35 .

39

5 47

51
34
46
50
34
45
51
42
47
39
46
52
47
47
42
51
47
46
47
47
51
49
44
52
51

_EJ

0.004583
-0.042872
-0.045330
~0.096879
-0.,024425
~0.008642

0.062500

0.007804

0.118390
-0.411260

1.008023

0.103134
-0.093258
-0.440281

0.694181

0.0458177
-0.388641

0.000129
-0.060447

0.110832

0.055402

0.0340178

0.259240

0.004117
-0.001915
-0.010712.

. -0.001971

0.007937.
~0.037462
~0.008927

0.686895

0.258270

0.000097
-0.001889
-0.010126
-0.028848

0.050089

0.023306

0.035024
-0.062781

0.821596

0.009861

0.254693

0.011930

0.064970
-0.007248
-0,022915

1.220914

0.029789

0.014433
-0.012268
-0.057641
-0.507553
-0.000439

0.029718

3.719481
~0.043902

2.253054




=
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1
10

23
- 28

40
44
58

12
24
28
36
43

51

60

14

27
3l

43
47

53.

63

23
31
39
48
56

65
17

33
42
58

22

27
41
51

23
29
44
57

24

32
47
58
15
31
47
56

11

81y

0.166512
-0.027752
-0.050114

0.022429
~0.071816

0.026719

0.010943

0.166512
-0.030167

-0.050401

-0.054126
0.064999
-0.069284
0.018032
0.002293

-0.032397 -

~0.027752
0.025658
-0.027370
0.029501
0.060177
0.041974
-0.095163
-0.031726
-0.050181

. =0.019058

0.066850
-0.071816
0.085952
0.052055
-0.021377
-0.069317
0.020307
0.047739
0.056349
-0.050881
0.027619
-0.060550
0.145758
0.051523
-0.052394
0.063446
0.049666
0.145758
0.056076
0.026729
0.057641
0.045119
-0.011127
~0.005429
~0.050580
0.058230

~-0.020614 1

i

1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5
5
6
6
6
6
é
i
7
7
7
7
8
8
8
8
8
9
9
9
9
0

11
33

41
50

59

13
25
29
40
44
52
62

22

32
44

48

64
14
24

32

45
49
58

22
34

50

23

28
42
57

13

24
30

" 45

58
14

29

37

48

59
16
32
48

59

22
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TABLE XXIX

EIMATRIX OF D-ARABINITOL

83

-0.032931
-0.027752
-0.05%678
0.069324
-0.071816
-0.052701
-0.001797
-0.031592
-0.027752
0.026733
0.055025
. 0.018764
-0.070085
0.003840
0.054104
'=-0.023035
-0.050483
0.053733
0.021960
© 0.063645
. =-0.001823
0.069315
-0.020217
-0.050226
-0.053454
0.027640
-0.071816
0.002273
0.145758
0.027504
-0.071660
-0.060550
C.145758
0.025846
0.026206
0.049419
0.022513
-0.028119
0.025310
~0.052240
0.054326
=0.011756
-0.029191
-0.051244
~0.069617
0.033876
~-0.016687
-0.026475
-0.050641
0.049531

0.019262 1

i

1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
4
4
4
4
4
4
4
5
5
5
S
6
6
6
6
6
7
7
7
7
7
8
8
8
8
8
9
9
9
9
0

J

5

12

26

34
42
51
61

6

22

26
30
41
45

57

63

8
23
29
36
45
49
58

4
15
29
37
46
53
59

10
25

40
55

12

25
35
43
58
19
27

36

46
59
20
30
45
49
60
21
38
49
60
25

81y

-0.027243
-0.027752
-0.019728
0.063472
-0.070085
0.031749
0.081020
-0.030179
-0.050307
-0.028131
0.029427
-0.050279
0.063862
-0.012547
" 0.099480
-0.,027791
-0.050511

-0.055676

0.055272
~0.070586
0.027849
0.010745
0.166512
-0.027752
0.024263
0.056662
0.058606
0.004213
0.017729
-0.034517
-0.051758
0.068025
1 0.073924
-0.018175
-0.051945
~-0.072543
0.055699
-0.022135
-0.021377
0.026268
-0.069968
0.030584
0.018003
-0.021377
-0.051395
0.020349
-0.051374
0.004932
-0.075489
0.065206
-0.,006086
0.059598

=

10
10
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()

22
27
35
43
55
62

23
27
35
42
46
59

13

24

30
37
46
52
60
16

30
38

47

54
64
11
26
41
57
18
26
40
44
59
22
28
43
52
60
23
31
46
53

24
39
54
10

26

G, .
=

-0.,026280
-0.050142
0.058591
0.053467
0.069100
0.065391
-0.059845
-0.029700
-~0.050445
-0.053997
0.059846
0.069420
0.019710
-0.015277
0.166512
-0.026110
-0.050457
-0.054237
0063442
~-0.070084
-0.049107
~0,003472
-0.028863
-0.027752
0.058380
0.055131
-0.072111
0.011502
-0.066547
-0.028230
0.031217
0.061604
0.003750
-0.021377
0.067640
0.029138
-0.050881
0.047371
0.022814
-0.051002
~-0.050593

- =0.060549

-0.049800
0.029982
0.066406
0.062245

-0.060549

0.145758
0.,022041
-0.072218
-0.060549
1.075350
-0.007282




33
42
58
25
40
55
12
26
40
44
59
23
29

44 .

57
63
29
37
48
59
16
38
49
60
31
47
56

17

50
26
57
28
58
30
59
32
60

28
34
41
45
52
59
63
26

36
42
46
51
58

63 -

28

%y

-0.053620
-0.050338
-0.052169
0.053680
0.054439
-0.073801
1.075351
-0.018675
-0.050338
0.020667
-0.044642
0.052625
0.048627
-0.051473
-0.047423
-0.011424
0.030006
-0.C53885
0.018351
-0.000509
-0.040173
-0.057299
0.074413
0.011692
0.031229
0.024161
-0.066719
1.054594
-0.041566
-0.016657
-0.035165
0.002900
-0.043640
0.031412

" 0027270

0.008776
0.043082
0013597
-0.04444%
"0.022082
0.102926
0.031384
0.034324
0.005640
0.040462

0.006953

-0.056909
-04117507

0.028996
-0.039544
-0.028510
-0.017863
-0.004162

0.025672

| =

10
10
10
11
11
11
12
12
12
12
12
13
13
13
13
14
14
14
14
14
15
15
15
15
16
16
16
17
17
18
18
19
19
20
20

21
22
22
22
22
22
22
22
23
23

23
23
23
23

23

24

34
50
61
26
41
57
22
21
41
51
62
24
30
45
58
14
30
45
49
60
24
39
54
65
32
48
59
25
57
217
58
29
59
31
60
38
65
25
29
35
42
46
55
60
23
21
31
3
43
47
52
59
64
29

[ [
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TABLE XXIX (Continued)

E'MATRIX OF D-ARABINITOL .

85

0.064678
0.013180
0.018917
-0.006560

-0.051642

0.019311
0.057806
0.047926
0.030862
-0.055760
0.003407
0.028491
0.020498
-0.051772
0.001002
1.075349
0.054206
-0.050906
0.024860
-0.001508

© -0.051087

0.055082
-0.055968
0.004468
0.054788
0.074413
0.046747
-0.039344
0.014192
0.013649
0.041337
-0.036050
0.020042
~0.006667
~0.043141
-0.039840
0.001178
-0.052588
0.025959
-0.113092
~0.020002
-0.006389
0.038114
0.000669
0.170143
-0.050257
0.008827
~0.057877
-0.060057
0.036341
0.044242
0.002095
0.028141
-0.046311

i
10
10
11
11
11
‘11
12
12
12
12
13
13
13
13
13
L4
14
14
14
14
15
15
15
16
16
16
16
17
17
18
18
19
19
20
20
21
22
22
22
22
22
22
22
22
23
23
23
23
23
23
23
23
24
24

d

40
55
11
33
42
58
23
28
42
517
13
217
36
46
59

23

31
46
53
64
31
47
56
16
38
49
60
33
61
35
62
36
63
EX S
64
39
22
26
30
36

%3

50
57
61
24

28

32
40
44
48
53
60
24
30

%5

-0.051641
-0.073801
- 1075350
0.062108
0.030862
0.001864
0.029719
-0.050476
-0.051642
-0.007672
1.075351
-0.051472
-0.054534
-0.051270
-0.001605
0.020085
-0.025391
-0.051404
-0.050625
-0.006718
-0.010050
-0.017835
-0.0667T19
1.075351
0.060028
-0.051642
-0.005695
0.010218
0.018356

- -0.040308

0.001514
0.033423
-0.008441
-0.038134
-0.005205
0.029508
0.172084
0.037741
-0.006947
-0.056404
-0.019651
-0.016974
-0.000577
0.054724
0.098849
-0.016714
-0.004717
~-0.006401
-0.011808
0.014016
-0.013704
-0.001175
0.171398
-0.023584

[

10
10
11
11
11
11
12
12
12
12
13
13
13
13
13
14
14
14
14
15
15
15
15
16
16
16
16
17
18
18
19
19

20
21
21
22
22
22
22
22
22
22
22
23
23
23
23
23
23
23
23
24
24

31

%5

0.054439
-0.022038
-0.051613
-0.055432
0.041712
-0.105982
0.020261
-0.056540
-0.050885
0.009741
0.027428
0.054831
0.020906
0.044594
0.046926
0.047488
-0.053071
-0.053134
-0.051143
1.075350
0.039473
-0.051642
-0.008189
0.028503
-0.054816
0.039657
-0.052791
0.031278
1.054595
-0.040872
1.054594
~0.040872
1.054595
~0.040590
1.054595
-0.040787
0.099318
-0.023702
-0.059529
-0.038411
-0.054382
-0.049673

~0.018350

0.005649
-0.006537
-0.017875
-0.054799

0.014231
-0.011776
-0.008950

0.004902

0.027469
-0.008175

0.036536




I

24
24
24
24
24
24
25
25
25

25.

25
26
26
26
26
26
27
21
27
27
27
28
28
28
28
28
29
29
29
29
29
30
30
30
30
30

.31

31
31
31
31
32
32
32
32
33
33
33
34
34
35
35
35

32
39
46
52
57
63
26
34
42
51
59
27
35
43
55
61
29
40

44

52
60
29
40
44
52
60
30
37
46
52

30
37
46
52
59
31
39
48
56
64
38
47
54
60
34
50
61
42
58
41

51 .
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TABLE XXIX (Continued)

G, MATRIX OF D-ARABINITOL

=
[

G. . 1 s
= -l - F 1]

81y

-0.043751 24 36 -0.060522 24 37 -0.118888
-0.056027 24 43 -0.006701 24 44 0.030605
-0.003825 24 47 -0.005572 24 48 0.101631
0.011182 24 53 -0.045754 24 54 0.034801
-0.001140 24 58 -0.004912 24 59 -0.007053
-0.045077 24 64 -0.002876 24 65 =-0.012204
-0.046130 25 27 0.023828 25 28 -0.023836
-0.010190 25 35 0,037117 25 40 =-0.015065
-0.039649 25 43 =-0.0537L1 25 44 0.029770
-0.007976 25 55 =0.133455 25 57 -0.019120
-0.033138 25 61 =0.071759 25 62 0,012511
-0.014101 26 28 0.023078 26 33 =-0.032752
-0.032302 26 40 0.051374 26 41 0.049582
0.,053741 26 44 =0.029430 26 50°  0.006546
0.016308 26 57 0.016587 26 58 -0.010083
-0.009527 26 62 0.006936 27 27 0.169728
-0,046583 27 30 -0.020993 27 35 -0.003966
-0.047184 27 41 0.023458 27 42 -0.117686
0.101618 27 45 0.021001 27 46 0.031041
-0.031988 27 57 -0.002526 27 58 0.020905
-0.033089 27 62 -0.004753 27 63 =0.015270
-0.020189 28 30 0.021261 28 35 0.018019
0.032176 28 41 -0.007416 28 42 0.024699
-0.010199 28 45 -0.116132 28 46 —-0.069213
-0.007058 28 57 -0.038264 28 58 0002807
0.045907 28 62 =-0.013253 28 63 -0.166902
0.094208 29 31 -0.030042 29 32 -0.025342
0.029940 29 43 0.017689 29 44 -0.114038
-0.057285 29 47 -0.053384 29 48 —-0.011259
0.085044 29 53 -0.011536 29 57 -0.042133
-0.004890 29 60 0,041258 29 63 0.124232
0.166181 30 31 ~0.013642 30 32 -0.046304
~0.011052 30 43 0.028194 30 44 -0.055418
-0.009398 30 47 -0.112224 30 48 0.016346
0.007860 30 53 -0.075395 30 57 -0.031886
0.003045 30 60 0.004991 30 63 0.021080
0.059302 31 32 0.043648 31 37 -0.029086
-0.025953 31 45 0.020994 31 46 0.057909
0.056952 31 49 -0.044999 31 53 -0.011840
-0.032796 31 58 0.032199 31 59 ~-0.004086
0.006897 31 65 -0.023838 32 32 0.171354
0.006323 32 39 ~0.011909 32 45 0.030308
0.098324 32 48 0.013218 32 49 -0.010045
-0.021537 32 56 -0.145971 32 58 0.035150
0.007260 32 64 0.014182 32 65 0.000312
0.003697 33 40 -0.479126 33 41 -0.146827
-0.027274 33 55 -0.426059 33 S7 0.7335643
-0.080681 34 34 1.009708 34 40 =-0.142412
-0.058323 34 50 -0.080427 34 55 -0.465123
-0.060622 34 61 0.166854 35 35 0.950438
-0.057740 35 42 =—0.339650 35 43 -0.397149
0.095874 35 57 -0,748823 35 58 0.728262
-0.012835 36 36 0.962795 36 43 0.038471

=

24
24
24
24
24
25
25
25
25
25
26
26
26
26
26
27
27
27
27

27

28

28

28

28
28
29
29
29
29
29
29
30
30
30
30
30
31

31

31

31

32
32
32
32
33
33

34
34
35
35
35
36

38
45
49
56
60
25
33
41
50
58
26
34
42
51

‘59

28
36
43
51
59
28
36
43
51
59
29
36
45
49
58
64
36
45
49
58
64
38
47
54
60
37
46
53
59
33
42
58
41
57
40
44
59
44

85

0.019690
-0.05%382

-0.056702

0.034974
-0.004921
0.170444
-0.019539
0.095870
-0.031825
0.059829
-0.031225
0025164
0.004379
0.032451
-0.050949
0.023068
0.000730
-0.033292
~-0.041523
0-169291
-0.012611
0.101989
0,033064
0.005140
0.162993
-0.002369
-00 00009‘0
0.029912
‘00004999
-0.014255
0.040877
-0.039299
0.021388
-00039611
0.013804%
0,031190
0.011868
0.001585
0.024504
0.027735
0.032762
0.046471
1.017846
0.033166
-0.001071
-0.431944
-0.761473
0.014754
0.035607
-0.009964
-0.439754
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TABLE XXIX {Continued)

G MATRIX OF D-ARABINITOL

L J QEQ i gig i gié i 913
36 45 -0.348798 36 46 0.017682 36 52 -0.084550 36 57 -0.009260
36 58 0.697233 36 59 -0.744488 36 60 0.009948 36 63 0.045913
37 37 -0.962902 37 45 0.029916 37 46 ~ -0.424018 37 47 -0.388824
37 48 -0.060737 37 49 0.035616 37 53 0.096635 37 58 0.000147
37\ 59 0.714899 37 60 -0.692710 37 64 0.027155 38 38 0.984578
38 39 0.011198 38 47 0.036734 38 48 -0.386096 38 49 -0.127629
38 54 0.090515 38 56 -0.370158 38 59 0.057077 38 60 0.751095
38 65 -0.016233 39 39 1.004078 39 47 0.035480 39 48 -0.136675
39 49 -0.476954 39 54 -0.074096 39 56 -0.287508 39 59 0.010704
39 60 -0.697488 39 65 0.017791 40 40 1.005621 40 41 0.016257
40 42 0.102425 40 43 0.030130 40 44 -0.025376 40 50 0.049939
40 51 0.029663 40 55 -0.381374 40 57 0.030999 40 58 0.041880
40 59 0.035810 40 61 ~0.883424 40 62 0.007115 41 41 1.005624
41 42 -0.062797 41 43 0.028557 41 44 ~0.00655%9 41 S50 0.020801
41 51 -0.022668 41 55 -0.381375 41 57 -0.011163 41 58  -0.004554
41 59 -0.000778 41 61 0.010768 41 62 -0.021751 42 42 0.961941
42 43 ~0.494651 42 44 ~-0.052465 42 50 0.006793 42 51 0.019059
42 55 0.022945 42 57 0.024539 42 58 -0.677193 42 59 0.047364
42 61 -0.041528 42 62 0.801825 43 43 0.964191 43 44 -0.042854
43 45 -0.054704 43 46 -0.023618 43 51 0.036714 43 52 -0.005746
43 57 0.669692 43 58 -0.001519 43 59 0.038176 43 60 0.031837
43 62 -0.777726 43 63 -0.028856 44 44 0.961364 44 45 -0.450510
44 46 0.028607 44 51 -0.004742 44 52 ~-0.049621 44 S7 0.035298
44 58 0.014564 44 59 0.686929 44 60 -0.050154 44 62 -0.013704
44 63 -0.818866 45 45 0.959213 45 46 0.101907 45 47 0.015909
45 48 -0.003224 45 49 -0.020735 45 52 0.012890 45 53 0.025767
45 S7 0.048800 45 58 -0.686044 45 59 0.003846 45 60 -0.044638
45 63 0.880701 45 64 -0.014850 46 46 0.961130 46 47 -0.423729
46 48 0.040289 46 49 -0.057937 46 52 -0.019922 46 53 ~ 0.001677
46 S7 0.035622 46 58 0.047963 46 59 0.003456 46 60 0.669972
46 63 0.023290 46 64 ~0.801116 47 47 0.953086 47 48 - —-0.034761
47 49 -0.047091 47 53 0.041077 &7 54 -0.004932 47 56 -0.065035
47 58 0.043649 47 59 -0.704027 47 60  0.006037 47 64 0.821271
47 65 -0.013102 48 48 1.005627 48 49 -0.013667 48 53 -0.027697
48 54 0.043322 48 56 -0.532228 48 .58 0.005034 48 59 0.002669
48 60 -0.009120 48 64 ~0.030566 48 65 =0.813171 49 49 1.005622
49 53 -0.000597 49 54 -0.054338 49 56 -0.532224 49 58 -0.031953
49 59 -0.040337 49 60 0.002349 49 64 0.016481 49 65 -0.008709
50 50 1.225039 50 55 ~0.064670 50 57 -0.010945 50 58 -0.003838
50 61 -0.096548 51 51 1.222098 S1 57 0.041976 51 58 -0.048763
51 59 0023943 51 62 -0.01195%9 52 52 1222092 52 57 -0.017520
52 58 0.044037 52 59 -0.022942 52 60 0.018177 52 63 0.049379
53 53 1.220910 53 58 0.023591 53 59 -0.028459 53 60 0.047262
53 64 0.029669 54 54 1221735 54 56 0.025259 54 59 0.014502
54 60 -0.055793 54 65 ~-0.013907 S5 55 1.834797 55 57 0.003215
55 58 0.059266 55 61 0.892358 56 56 1.867546 56 59 . -0.059710
56 60 -0.009290 56 65 0.827069 57 571 2.884469 57T 58 - -0.547828
57T 59 0.022504 57 60 —0.042220 57 61 -0.480652 57 62 -0.,401360
57 63 0.008291 58 58 1.963326 58 59 ~0.517907 58 60 0.008488
58 61 -0.013653 58 62 -0.445242 58 63 -0.479380 58 64 ~0.000455
59 59 1.927879 59 60 -0.472558 59 62 -0.000195 59 63 -0.332034
59 64 —-0.509025 59 65 -0.023424 60 60 2.822545 60 63 -0.004752
60 64 -0.415781 60 65 -0.414290 61 61 2497846 62 62 2.170375
63 63 2.405368 64 64 2.252611 65 65 . 24188244 -1 -0 0.0
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APPENDIX IT

DATA NECESSARY FOR THE COMPUTATION OF THE F MATRIX

The information reported in this appendix is as follows:

Content

Table XXX

Table XXXI

Table XXXII

Table XXXIII

Table XXXIV

Description of Content Page

Description of Independent Force

Constants 156
The Z Matrix for Xylitol 157
The Z Matrix for Ribitol 159
The Z, Matrix for Erythritol | 161

The Z Matrix for D-Arabinitol 163




OO0\ Fw K

10
11
12
13
1L
15
- 16
17
18
19

20
21

22
23
2k
25
26
27

28
29
30
31
32
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TABLE XXX

DESCRIPTION OF THE INDEPENDENT FORCE CONSTANTS (@i.)
APPEARING IN TABLES XXXI-XXXIV )

Coordinate(s) Involved

{Streten)

CH(methylene)
CH(methine)
cC(methine)
CC(methylene)
CO(methine)
CO(methylene)
OH(methylene)
OH(methine)

(Bend)

HCH(methylene)
HCC (methylene)
HCO(methylene)
HCO{methine)
HCC (methine)
COH(methine)
COH(methylene)
CcCC(methine)
CCC(methylene)
CCO(methylene)
CCO(methine)

(Torsion)

(X)ce(x)
(X)co(X)

(Stretch-Stretch)

Dunmy parametera

Cco,CH
CC,CH
cc,cC
Ccc,Cco
Dummy parameter

(Stretch-Bend)

CC,CCH
CH,CCH
cc,CCo
€0,CCo
CH,HCO

o

(Stretch-Bend)

cc,ccce
CH,HCH
C0,CCOH
OH,COH
CO,HCO
Dummy parameter
Dummy parameter

(Bend-Bend)

H)CC(H)gauche
H)cC(H)trans
cC(C)trans
cC(C)gauche
cc(0)gauche
cc(0)trans
CCo ,CCO(common
CCO,CCC(common
(H)ccpg)gauche
)CC(C)trans
(Hlcc(Q)gauche
Dummy parameter
HCC,CCO(common
HCO,HCO(common
HCO,HCH(common
HCO,HCC (common
CCO,COH(common
(H)co(H)gauche
(H)CO(H)trans
HCO,CCO(common
HCC,CCC(common
HCH,HCC(common
(C)CCLO)trans
(c)cc(0)gauche
(C)CO(H)gauche

TN AN TN N TN
|o|o|o|0|m|m

\_/Vvv

1=

®Variable constant having e velue of 0.0 in Z matrix.

Coordinate(s) Involved

co)
cc)

CC
co
CH
CH
co

e e et e s

co)
cc)
CH)




et gt ot st b gt et e o
O~NO NP WN™OO OO0 dadOWM AN S D WO WANRN P

10
25
42

23
44

24
46
14
31
49
17
50
26

29
14

37
16

39
33
34
35
36
37
16
16
17
19
21
25
40
44
28
44
29
45
49
34
50
40
27

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000

1.000000
1.000000

-1.000000

1.000000
1.000000
1.000000
1.000000
1.000000

'1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

I

DO ud GO N NDDDWWWNNN -

11

26

12
27

13
29

15
32

25

27
13
36
20
53
21
54
40
41
42
44
46
38
39
50
52
54
26
41
23
29
45
30
46
25
40
26
41
28
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TABLE XXXT

THE ZLMATRIX FOR XYLITOL

25
24
30

24
30

24

30

24
30

31

31
23
37
27
35
27

35
29
29
29
29
29
32
32
36
36
36
47
48
16
o7
60
47
60
18
52
19
51

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.,000000
1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1,000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

a
i* 5 0
iy

5 26
12 24
40 28

3 25
13 24
28 30

4 25
14 24
30 30

8 26
16 24
47 28
10 23
33 37
12 23
35 37
19 27
52 35
30 31

9 &
32 31
10 1
34
34
29
29
29
48 29
49 29
18 8
20 8
22 17
27 47
42 60
24 43
30 62
46 48
31 47
47 60
26 44
41 52
27 46
42 52
35 59

W OOONNNOIOPOVWVMEDEWWWNNNPS e

10
10
11
12
13
14
15
16
18
20
22
22
22
23
23
23
24
24
25
25
26
26
27

55
43
45
47

1.000000

1.000000 .

1.000000
1.000000
1..000000
1.000000
1.000000
1.000000
1.000000
1.000000
1,000000
1.000000

1.000000 -

1.000000
1.000000

'1.000000

1.000000
1.000000
1.000000
1.000000
1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

=

VOO NOCOOV NS DDV WWNNN = -

NNNVNNNANNNNNNNNNN - - e e pe e s s
NOOVWVMEDLUWWNNNOROTO VMBS WN=O

22
41

22
43

23
45

24
48
1t
34
18
51
28

31
15
38

11
11
12
13
14
i5
56
56
5t
53
23
28
43
27
43
24
32
48
33
42
35
51
43

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000

1.000000
1.000000
1.000000
1.000000 .
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.0 0 ©
1.000000
1.000000
1000000
1.000000




I

27
28
29
29
30
31
31
32
32
33
34
35
36
37
38
39
40
41
42
44
46
48
49
53
57
61
65

1¢a.

44
36
29
46
37
31
48
38
49
40
41
42
44
46
39
39
40
41
43
45
47
48
56
53
57
61

65

1
51
59
19

59
19

59
52
55
55
55
55
55
53
11
10
10
39
39
39
10
61
14
20
21
21

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.C00000
1.000000

éi and J denote row and column, respectively; &,

.8

ES

21
28
29
29
30
31
3l
32
32
33
34
35
36
37
38
39
40
41
43
45
47
48
50
54
58
62
-2

with the Z., element,
—iJ

J
51
43
30
52
45
32
49
39
54
50
50
43
45
47
48
49
41
42
43

45

47
49
50
54
58
62

¢ =158~

TABLE XXXI (Continued)

THE Z, MATRIX FOR XYLITOL

d

ij

64
S1
44
64
50
44

St

59
64
57
57
55
55
55
55
55
38
41
13
13
13
38
15
15
20
21

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

28
28
29
30
30
31
31
32
33
33
34
35
36
37
38
39
40
41
43
45
47
48
51
55
59
63

1C

28
44
36
30
46
37
53
47
33
55
55
51
52
53
54
54
42
55
44
46
48
56
51
55
59
63

i)

19
52
59
19
52
59
56
50
11
54
54
57
57
57
57
58
40
61
40
41
41
61
14

20
21

1. 000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000

28
28
29
30
30
31
32
32
33
34
35
36

38
38
39
40
42
44
46
47
49
52
56
60
64

29
52
45
31
53
47
32
48
34
34
35
36

38
56
56
55
42
44
46
49
49
52
56
60
64

46
56
52
46
64
52
18
52
53
11
12

12
11
54
54
61
13

13

13
40
10
14

20
21

1.000000
1.000000
1.000000
1.000000
1.000000 -
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

'1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

= force constant associated




e
'm

VOO ONNNOCVANESPVWUWUNNN - -

J

1
10

25

42
7
23
44
8

24

46
14
31
49
17
50
26

7
29
14
37
16
39
33
34
35
36
37
16
16
17
19
21
25
40
44
28
44
29
4S
49
34
50
40
27
44
36
29
46
37
31
48

®1g

4
24
30
28
26

33

28
26
33
28

24

30
28
21
35
31

5
31
23
37
23
37
32
32
32
32
32
22

1

7

8

7
63
48
48
47
60
63
49
48
59
56
51
19
50
59
19
51
59
19
50

1.000000
1.000000
1.000000

1.000000 -

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

WWWNNNRONNNNNRNNNNNODRNNRNDND N RS o e o o b e s
OOV N~NOCOONWVMEDWWUWLUNNEONNOOWNDWN=O

VOODN~NCONNLEDWWWANNN -

162

11
26

12
27

13
29

15
32

25

27
13
36
20
53
21
54
40
41
42
44
46
38
39
50
52
54
26
41
23
29
45
30
46
25
40
26
41
28
51
43
30

52

45
32
49
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TABLE XXXII

THE Z MATRIX FOR RIBITOL

.8
r d QEQ
5 26
12 24
40 28
3 25
13 24
28 30
4 25
14 24
30 30
8 26
16 24
47 28
10 23
33 37
12 23
35 37
19 27
52 35
30 31
9 6
32 31
10 1
55 34
55 34
43 29
45 29
47 29
48 29
49 29
18 8
20 8
22 17
27 47
42 60
24 43
30 62
46 48
31 47
47 60
26 44
41 52
27 46
42 52
35 59
28 19
44 52
36 59
30 19
46 52
37 59
53 56

1)

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000
24 1.000000
30 1.000000

3 1.000000
24 1.000000
30 1.000000

3 1.000000
24 1.000000
30 1.000000

4 1.000000
24 1.000000
30 1.000000

6 1.000000
31 1.000000

5 1.000000
31 1.000000
23 1.000000
37 1.000000
27 1.000000
35 1.000000
27 1.000000
35 1.000000
29 1.000000
29 1.000000
29 1.000000
29 1.000000
29 1.000000
32 1.000000
32 1.000000
36 1.000000
36 1.000000
36 1.000000
47 1.000000
49 1.000000
16 1.,000000
47 1.000000
60 1.000000
47 1.000000
60 1.000000
18 1.000000
52 1.000000
19 1.000000
50 1.000000
45 1.000000 -
64 1.000000
50 1.000000
44 1.000000
64 1.,000000
50 1.000000
44 1.000000
51 1.000000

25

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

VOONNOCOCCVNND LD WOUWNNN P e

-
[ N

11

NNNNNNNNNNNNN S e o s e
COUVWVMPHPSLWLUBWNNNOOOOWVSLWN

1.000000
1.000000
1.000000
1.000000

WWNNNN
OOV~

1.000000
1.000000
1.000000

W W
- e

1.000000

1.000000 -

1.000000

I

VOO NTOVINSDDWUWWNNN G -~

22
41

22
43

23.

45

24
48
11

34 .

18

‘51

28

31
15
38
11
11
12
13
14
15
56
56
51
53
23
28
43
27
43
24
32

%8

a3
42
35
51
43

29

52
45
31
53
47
32

1.00000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

. 1.000000

1.000000 °
1.000000
1.000000 °
1.000000 *
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000




-a

32

32

33

34
35
36
37
38
39
40
41
42
44

46

48
49
53
57
61
65

3

38
49
40

41

42
44

46

39

‘39
40

41
43

45
41

48
56

53

57
61

65

_@

ij -

59
52
55
55
55
55
55
53

11

10
10
39
39
39
10
61.
14
20
21
21

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.600000

®i and 'j denote row and column,
with the Z

J

32
32
33
34
35
36
37
38
39
40
41

43,

45
47
48
50
54
58
62

element.
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'TABLE XXXIT (Continued)

THE 2 MATRIX FOR RIBITOL

39
54

50

50
43
45
47

48

49
41
42
43

45
47

49
50
54
58
62

59
56
57
57
55
55
55
55
55
38
40

13

13

38
15
‘15

20

21

13

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

respectively; &.

i*

®1y

50
11
54
54
58
57
ST
57
57
40
61
41
40
41

32
33
33
34
35
36
37
38
39
40
41
43
45
47
48
51
55
59
63

47
33
55
55
51
52
53
54
54
42
55
44
46
48
56 61
51 14
55 9
59 20
63 21

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

'1.000000

1.000000

1000000

1.000000
1.000000

1.000000"

1.000000
12000000
1.000000
1.000000

I

32
33
34
35
36
37
38
38
39
40
42
44
46

47

49
52
56
60
64

(L7

48
34
34
35
36
37
38
56
56
55
42
44
46
49
49
52
56
60
b4

i
52
53
11
12
12
12
11
54
54
61
13
13

40
10
14

20
21

1.000000-
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000°
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000

= force constant associated



e
'm

CONNCOUVE D WWWRN RN -

1.000000

'1.000000

1.000000
1.000000
1.000000

-1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

:14000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000C00
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

I
o

OO NNCOVIVILEDWWWA NN
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TABLE XXXIII

THE Z MATRIX FOR ERYTHRITOL

J

21

10
22

12
25

20

22
11
29
13
31
26
27
28
29
13
13
14
16
18
22
34
22
35

-39

27
40

22
36
29
24

-38

30
39
32
33

®ij
25
24
30
3
24
30
4
24
30
6
31
S
31
23
37
23
37
32
32
32
32
22
1
7
8
17
47
60
63
48
49
59
56
50
19
50
59
19
51
59
52
56
55 .

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000

.a

—
OOV NNCOWVMNILS DWW OWNNN M -~

NANNNNNNNNDNRN NN o o ot gt pot pot ot gt ot pat
SNPVNPLPLOUNNITF=~OOOVODODENSWN -~

J.

10
32

11
23

13
37

26
10
28
16
42
17
43
32
33
34
36
30
31
40
42
19
23
35
23
36
20

21
33
23
41
35
25
39
31
43
40
40

*19

26
24
28
25
24
30
26
24
28
23
37
23
37
27
35
27
35
29
29
29
29
32
32
36
36
42
63
60
47
60
18
52
19
51
45
64
50
44
50
59
56
57
57

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000.

1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000 :

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

I

NN ot s ot o ot post ot s ot ot poet .
OCOVOVETOOENVWNFEFEOORO®N=NTNUN D DWW WNNN -

NNV
DWW N e

N
i

NN
OO

18
33

18
35

19
38

27

15
41
23

25

44
44
3s
37
38
39
15
17
20
32
36
24
37
21
33
22
34
28
23
36
29
42
37
26
44
44

26
33
28
26
33
28
26
33
28
23
37

27

35
31

31
34

29
29
29
29

63
49
48
47
60
44
52
46
52
59
19
52
59
64
51
11
54
54

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
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TABLE XXXIII (Continued)

THE 7 MATRIX FOR ERYTHRITOL

28
29
30
30
31
32
34
36
37
39
42
46
50

{8

28
29
30
45
45
44
34

39
39
42
46
50

i

12
12
11
54
54
61
13
13
40
10
14
20
21

1.000000
1.000000
1.000000
1.000000

'1.000000
1.000000

1.C00000
1.000000
1.000000
1.C00000
1.000000
1.000000
1.000000

ég and J denote row and column,
with the 2,

J

-

28

30
31
32
33
34
36
38
39
43
47
51

element.

34
36
3l
31
32
33
35
37

38

45
43
47
51

55
55
53

11
10
10
39
39
10
61
15
20
21

1.000000
1.000000
1.000000
1.000000
1.000000
1..000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.0C0000
1.000000

28
29
30
31

32

33
35
37

38

40
44

48
52

respectively;

35
37
38
39
33
34
35
37
39
40
44
48

52

55
55
55
55
38

40

13
13

38

15

20
21

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1'. 0600000
1.000000
1.000000

1.000000
1.000000

1.000000

28
29
30
31
32

33

35
37
38
41
45
49

41

42

43
43
34
44
36
38
45

41

45

49

58
58
57
57
40
61
41
40
61
14

21

1.000000
1.000000
1.000000 .
1.000000
1.000000
1.000000

1.000000

1.000000

1.000000

1.000000
1.000000
1.000000

., = force constant associated
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10
25
42

23
44

26
46
14
31
49

17 .

50

26

29,
22

37
16

39

33
34
35
36
EX{
16
16
17
19
21
25
40
44
28
44
29
45
49

34

50
40
27
44
36
29
46
37

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

- 1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

'1.000000
1.000000

1.000000
1.000000
1.000000
1.000000

"1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

VOB RNNCOINNSDDIWWWNNN -~
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TABLE XXXIV

THE 2 MATRIX FOR D-ARABINITOL

1.

11
26

12
27

13
29

15

32

25

21
13
36
20
53

21

54
40
41
42
44
46
38
39
50
52
54
26
41
23
29
45
30
46
25
40
26
41
28
51
43
30
52
45

ij

25
24
30
3
24
30
3
24
30
4
24
30
6
31
5
31
23
37
21
35
217
35
29
29
29
29
29
32
32
36
36
36
47
48
16
47
60
47
60

18

52
19
50
44
64
51
45
56
50

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000"

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

I

OV OVONNOC OV D DD WWWNNNG -

)

1.

12
40

13
28

14
30

16
47
10
33
12
35
19
52
30

32
10
55
55
43
45
47
48
49
18
20
22
27
42
24
30
46
3]
47
26
41
27
42
35
28
44
36
30
46

1J

26
24
28
25
24
30
25
24
30
26
24
28
23
37
23
37
27
35
31

31

34
34
29
29
29
29
29

17
47
60
42
63
48
417
60
45
52
46
52
59
19
52
59
19

52

1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000 -

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

[
'&D
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22
41

22
43

23
45

24
48

11

34
18
51
28

31
15
38
11
11
12
13
l4
15
56
56
51
53
23
28
43
27
43
24
32
48
33
42
35
51
43
29
52
45
31
53

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000"
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000




=
1Ca.
o

| 31
48
38
49
40
41
42
44
46
39,
39
40
41
43
45
47
48
56
53
57
61
65

19
50
59
52
55
55

55
55
53
11
10
10
39
39
39

‘61
14
20

iJ

10.

21

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.€00000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.0006000

a

i and ) denote row and column
Z,, element.

with the

-1

31

31
32
32
33
34
35
36
37
38
39
40
41
43
45
47
48
50
54
58
62
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TABLE XXXIV (Continued)

THE ’?/MATRIX FOR D~ARABINITOL

32

39
54
50
50
43
45
47
48

49

41
42
43
45
47
49

50,

54
58
62

44
51
59
64
57
57
55
55
55
55
55
38
41
13

13
38
15
15
20

21

1.000000
1.000000
1.000000

1.000000.

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

31

31
32
33
33

35
36
37
38
39
40
41
43
45
47
48
51

55

59

63

,» respectively; &,

37
53
47
33

55

51
52
53
54

54

42
56
44
46
48
56

55
59

63

id

——

59
64
51
11
54
54
58
57
58
58
57
40
61
40
41
40
6l
14

20
21

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

31
32
32
33
34

'35

36

37
38

39
40
42
44
46
47
49
52
56
60
64

47

32
48
34
34
35
36
37
38
56

56
55

42
44
46
49
49
52
56
60
64

52
18.
52
53
11
12
12
12
11
54
54
61
L3
13
13
40
10
14

20

21

1.000000 .

1.000000

1.000000
1.000000
1.000000
1.000000

1.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

1.000000

1.000000

= force constant associated
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APPENDIX III
RESULTS OF THE ANALYSES

The informstion reported in this appendix is as follows:

Confent Description of Content Page’
1. Table XXXV Dominant Internal Coordinates and )
Potential Constants in the Potential
Energy Distribution of Ribitol 166
2. Table XXXVI Dominant Interngl Coordinates and
: ' Potential Constants in the Potential .
Energy Distribution of Xylitol . 169
3. Table XXXVII Dominant Internal Coordinates and
Potential Constants in the Potential
Energy Distribution of Erythritol 172
L, Table XXXVIII Dominant Internal Coordinates and

Potential Constants in the Potential
Energy Distribution of D-Arabinitol 175
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23
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TABLE XXXV

RIBITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._?req.,

cm

3351.
3351.
3330.
3330.
3330.
2968,
2949,
293h.
2922,
291k,
2901,
2880,
1482,
1471,
1h52,

1426,
1381.
1368.
1353.
1331.
1312,
1295.

1292,

O Vion® 3 N ®O F & KH ®®o o

[e)

Relative Coptribution, %>

Diagonal Force Constants

0'H(99)
0'H(99)
OH(99)
OH(99)
0H(99)
C'H(9T)
C'H(89) CH(8)-
CH(96)

"CH(83) C;H(lS)
CH(98)

C'H(91) CH(T)

C'H(97)

H'CH(4T) HC'O(L46)
HC'H(55) HC'0(21) HC'C(6)

HCC(30) HCO(18) HC'C(11)
co{13)

HCO(L46) HCC(13) COH(12)
co(1T) ‘

HCC(53) HC'C(13) HCO(12)
co(10)

Hce(63) HCO(1T)

HCC(28) HC'C(26) HCO(15)
HC'O(11) c'o(10)

HCO(20) COH(19) HC'C(19)
HCC(10) co(12)

HCC(30) HCO(26) HC'C(13)
COH(10) C'OH(T)

HCO(39) HC'C(16) HCC(13)
co(13)

HCO(Lk7) HCc(17) COH(10)
C'OH(T)

Internal Coordinates-

01H(99)

05H(99)

02H(72) 03H(2T)

OkH(99)

03H(72) 02H(27)

C1lH(50) C1H'(L46)

CSH'{50.). CSH(38)-

C3H(50) C2H(45)

ChH(81) c5H(14)

C2H(50) C3H(4T) ~

CSH' (46) CSH(LL)

C1H'(51) C1H(LT)

HC5H(46) HC50(25) HC'o(21)
HC1H(54) H'CO(11) HC10(10)

6ccH{22) HCLO(16) 8CCH(T)
cko(13)

HC20(37) coH2(11) 1ccﬁ(1o)
c20(16)

5CCH(32) HC30(11) kccH(8)
8CCH(8)

3CCH(25) 4ccH(16) HCLO(1L)
2CCH(T) 6CCcH(T) 5CCH(T)

CCH'(1Lk) HChO(13) 2ccH(11)
3CCH(9) 'CCH(8)

CoHL(18) HC30(18) ccH'(1h4)
cko(11)

HCho(25) T7CCH(23) 8CCH(T)

HC20(30) 1CCH(1L4) 620(12)
H'CO(10)

HC30(37) COH4(8)




No.

2k
25
26
"o

28
29

30

31

32

33
3k
35
36
37
38
39
Lo

41
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TABLE XXXV (Continued)

RIBITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._greq.,

cm

1268.
1265.
1252.
1231.

1213.
1202.

:‘liSﬁ.
| 1138.
1084,
1073.
1057.
1046.
1004,
969.
935.
870.
852.

758.

9

0

Relative Coptribution, 42

Diagonal Force Constants’
C'OH(54) HC'O(11) HCO(1l)
c'o(9)

c'oH(47) HC'O(25) HC'C(1T)
c'o(8)

Hcc(29) HC'o(24k) HC'c(19)
COH(12) C'0H(5)

HC'0(51) HCC(12) COH(12)
HC'C(11)

HC'0(52) HC'C(26) COH(10)

COH(29) HC'C(22) HCO(16)
HC'0(15) Co(15)

cc(28) c'c(25) COH(16)

0{0(27) cc(ak) co(ay)
HC'C(12)

HC'C(33) COH(31) cc(1i1l)

c'c(34) co(ik) cro(ro)
COH(25)

cie(27) co(22) cr'o(1s)

co(15) cro(ik) cc(13)

-C'0H(9)

c'o(2k) cc(22) co(13)
C'0H(12)

co{22) c'0(18) HC'C(25)
HCC(10) Cc'oH(8) COH(8)

co(18) c'o(16) CoH(22)
HC'C(11) cc(10)

c'c(26) c'o(22) co(x2)
C'0H(9)

co(18) cr'c(1s) cro(10)
COH(13)

cco(22) c¢'c(13) HCC(12)

Internal Coordinatesc

COH1(45) COH5(9)

COH5(34) HC'0(18) COH1(13)
CCH' (13

HC10(22
COH3(10)

HC10(24) H'CO(15) COH3(10)

)
) 'CCH(L3) TCCH(10)

HC50(32) 8CCcH(18)
)

1CCH(16) coH2(15) COH3(13)
HC'0(13) ¢30(12)

c3ck(22) c1cz(13) ckes(12)
COH3(13)

c1c2(25) ¢2c3(22) c1o0(6)
C30(5)

COH4(30) cCH'(13) c3ck(10)
8CCH(11)

crca(17) chcs(16) ca20(12)
COH2(2Lk) 'ccH(1T)

ches(26) ¢50(15) c30(11)
C3Ck(10) coH3(12)

C20(16) c10(13) c3ck(9)
COH1(9)

c2c3(19) ¢50(20) c30(11)
C10(6) CoH5(10)

¢50(17) cko(15) 8ccH(21)
COH5(T)

c10(1k) ¢c30(8) cac3(8)
c1c2(20) c10(21) chko(11)
COHL(9). coHL(9)

€30(17) ckes(rl) c1o(9)

ckes(12) 5cc0(11) 6cco(10)




No.

Lo
43
Ly
4s
46

47
48
49
50
51
52

53
54

55
56

5T
58
°9

60
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TABLE XXXV (Continued)

RIBITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._?req.,

cm

609.
52k,
Lgo.
426,
380.

347,
339.
333.
326,
1305,
266.

252.

218,

7
0

6
3
T

qwﬂ#’wo

192.3

17k,

12k,
116,
85.

T1.

Relative Coptribution, %>

Diagonal Force Constants™

ccro(3k) cco(1r2)
CCo(37) ccc(io)
cco(a8) crec(il) cc(at)
CC'o(39) cco(21)
-C0-(53) cco(30)

-C0-(76)
-C0-(80)
-C0-(88)
-C0-(83)
-C0-(27) -cCc-(15) cco(12)

cco(38) -co-(23) -cc-(18)
cree(T)

cpo(h7) -CC~-(13) c'cc(10)

-CC-(48) cco(24) cce(1l)
crec(9)

~CC-(47) cco(32) cree(ry)
cco(62) -cc-(21) HCe(1s)

cco(é1) crec(s52) -cc-(30)
-CC-(58) cco(35) cree(1s)
Cco(37) c'cc(36) -cc-(32)

-CC-(66) cco(22) cree(ro)

Tnternal Coordinates

1cco(33) 5cco(9) c3cceh)
3CC0o(27) cacc(1o)
keco(20) cicc(9) cac3(a1)
8cco(37) 3cco(6)

7¢30(27) TCho(21) 6cco(9)
Lhcco(8) 3cco(T)

TC1O(44) TC30(1T)
TC50(36) TC10(20) TCLO(18).
TC20(79) _

TC50(kk4) TCiO(13) TCcLko(12)
TCC1(13) TC40(10) 1cCo(9) ©

TC30(18) 5cco(17) 4cco(1r3)
Teck(10) TCCL(T) cice(T)

6cco(19) Tcco(1l) cacc(8)
5cCo(T) '

Tcchk(29) Tcc1(17) cacc(il)
3cco(11l) ' :

Tech(24) c3cc(16) Tee2(13)

2cco(26) 7cco(1il) c3cc(ul)
3cco(11) cacc(9)

crce(52) 2cco(k9) Teci(22)”
Tcc3(53) Tcco(24) c3ce(1s)

c3cc(36) Tcco(27) Tcca(23)
cacc(11)

TCcC2(39) TCC3(18) TCCco(12)

&The contributions are relative and may total more than 100% due to the
presence of negative off-diagonal interaction constants. -

The force constants given are described.in Table V.
Only the dominant coordinates are given.

The individuel coordinates for

each molecule are coded in the manner described in Tables XIX-XXT.
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16

17
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19
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22
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TABLE XXXVI

XYLITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._?req.,

cm

3351.
3351,
3330.
3330.
3330.
2966,
2963.
293k,
, 2922,
291k,
288k,
2882,
1463.
1462,
1439,

1435.
1396.
1362.

1355.

OVl W = WK WV DWW 0O

1347.8
1323.8

1320.
1297.
1295,
1274,

Ww w1 O o

. Relative Coptribution, %°

Diagonal Force Constants"

0'H(99)
0'H(99)
0H(99)
0H(99)
OH(99)
C'H(9L)
C'H(93)
CH(93)
CH(93)

'~ CH(96)

C'H(95)
C'H(96)
HC'H(51) HC'0(33)
HC'H(L43) HC'0(L3)

. HCC(36) HC'c(1k) HCO(1h)

c0(16)
HCc(24) HC'c(20) HCO(15) -

‘co(16)

HCC(33) HC'C(1T) HCO{(15)
HC'H(9) CO(8) COH(6)

HCO(26) HCce(25) He'c(22)
HC'0(10) C'OH(8)

“HCC(2T7) HC'C(20) HCO(20)

C'0H(12)
HCC(53) HCO(20)

HCO(39) COH(18) HCC(10)
co(1k)

HCO(L6) HCC(18) COH(13)
C'OH(23) HCC(19) HC'0(10)
HCo(40) Hcc(2k) He'c(1l)
HC'0(39) C'OH(26) HC'C(20)

Tnternal Coordinates-

01H(99)
05H(99)
03H(98)
ohH(99)
02H(98)
C1lH(50) C1H'(L4k)
CSH'(49) CSH(LYL)
C3H(L6) ChH(46)
C2H(90)
C3H(51) CLH(L3)
C5H'(L48) CSH(LT)
C1lH'(48) C1H(LT)
HC1H(4T) H'CO(1L) HClO0(12)
HC5H(37) HC50(20) HC'0(18)
)
)
)

heen(17) 1ccH(12) 3ccH(11)
HC20(11) €20(16)

6CCH(19) HCLO(15) 8ccH(15)
HC5H(8) cLko(16)

5CCH(15) CCH'(15) éccH(12)
HC30(10)

HC30(20) 3CCH(10) 1CcCH(9)
TCCH(T)

2CCH(23) HC20(18) 'ccH(18)
COH1(9)

TCCH(24) 3ccH(15) HCho(1k)

HC20(24) COH2(15) HCLO(12)
c20(11)
HCLO(23) HC20(21) COHL(9)
COH5(22)
HC30(37) TCCH(9)

)

HC'0(34) COH1(23) 'CCH(1T)




No.

26

27

28

29

30

31

32
33
3b
35
36

37
38

39
Lo

L1
L2

43

~170-

TABLE XXXVI (Continued)

XYLITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._?req.,

cm

1245,

1233.

1213.

1199.

111k,

1109.

1087.

1070.

1059.

1028.

1009.

2

9

974.8
928.8

893.

82,

773.1
614,8

511.

Relative Coptribution, %>

Diagonal Force Constants
HCC(31) HC'O(23) HC'C(20)
C'OH(1k)

HC'O(34) CcOH(27) HCc(1l)
HC'c(11) co(13)

COH(31) HC'O(27) HCO(15)
HC'C(12)

'HC'0(36) HC'C(18):C'OH(1T)

HCC(11) COH(10)
cc(é7) cre(1l) coH(13)

cc(23) co(18) c'e(aT)
HCc'c(21) HCO(12) HC'O(1l)
COH(9)

cc(e6) cre(1ils) cro(12)
COH(22)

HC'c(29) COH(26) HC'O(12)
c'o(10)

c'c(29) co(16) cro(8)
COH(23) HC'C(11)

c'C(53) co(16) c'o(13)
C'oH(24)

c'o(35) c'c(13) HC'c(12)
HCC(10)

cro(k2) c'ou(19) c'c(9)

co(k1) c'0(10) coH(21)
HC'Cc(11)

co(19) c'c(1k4) coH(16)
HC'Cc(16)

co(31) cc(1ks) crc(8)
COH(19)

cco(36)

cco(31) ccro(as) Hee(1T)
cree(e)

¢C'0(30) cco(19) ccc(13)

—C
s

Internal Coordinate

HC'0(16) LccH(16) coH5(12)
mm3@6)nwou9)mﬁou6)

COH3(22) HC50(20) 8ccH(11)
HCLO(11)

H'CcO(25) COH1(17) 1CCH(15)
HC10(10) 2ccH(10)

ca2c3(kh) c3ck(24) c1ca(10)
COH2(11)

clc2(16) cac3(a2) c30(12)
¢3¢k (10) 1ccH(1T) :

c3ck(23) c1c2(13) 010L85'
COHL(17)

COH4(213) 'ccH(12) c10(9)
clca(2kh) c20(12) CcoH2(16)

ckes(53) cko(as) cs50(13)
COH5(2L4)

c50(34) ckcs(9) 8ccH(8)

Cclo(40) coH1(18) c1ca(T)

€30(30) ¢50(10) c20(9)
coH3(1k)

cho(18) comk(1h) ccH'(9)
€20(23) cac3(1k4) coH2(13)
3CC0(16) 4cco(1s) 1cco(6)

8cco(26) scco(18) 6cco(8)
5CCH(9)

~1000(30) cacc(12) keco(8)




No.

Ly
k5

L6
b7
48
49

50
51
52

53
5k
55
56

5T
58
59
60

~-171-

TABLE XXXVI (Continued)

XYLITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._Freq.,
cm !

h3T.O
398.9
371.
360.
349,
335.

& o 9w

'_.l

33k,
321.0
275.9

2h1.2
215.5
197.9
172.2

1hk,
102.

87.
- Th.

Vi O Ww O

Relative Contribution, %a

Diagonal Force Constants

cco(29) ~co-(18)
cree(T)

cc'o(23) cco(23)

~C0=+(51) cco(1k)
-C0-(67) cco(9)

=CO-(Tk)

-C0-(59) HCC(12)

-COo-(T4) mCC(11)
-CO-(46) ccro(6)

Cco(38) -co-(21)
HCC(12)

cco(55) -co+(17)
crec(9)

-CC-(55) cco(2T)

oo (64) cco(19)

cco(k7) -cc-(20)
cee(il)

cco(61) c'ce(ko)

HCC(12)
-C0-(17)

ccro(6)

ccro(al) .

cco(5)
-CcC-(15)

-cCc-(9)

cree(a2)
c'cc(20)

-CC=(33)

-CC-(L7) crece(k2) cco(39)

-CC-(69) HCC(19)
cco(sk) cree(39)

cco(as)
-cc-(27)

Internal CoordinatesC

3cco(12) Tc30(10) 5cco(T)

6cCo(19) Tcho(16) 1cco(12)
8cco(12) c3ce(s)

TC20(28)
TC30(33)
TC1O(L1)

Tcko(L0)
TCCH(9)

TC20(33)
TC10(18)

Leco(2k)
3cCo(8)

5cC0(25)
TC30(10)

TCC1(38)
6CCo(8)

TOCL (47
TCCL(T)

TCCO(2T)
cace(13)

2CC0o(45)
TCC3(40)
TCC2(5L4 )

c3cc(38)
TCC2(9)

TC50(13) 3cco(8)
TC50(21)
TC50(32)
TC20(12) 8CcCO(10)

Tc3o(13) TC10(1k)
Tchoclsd TC50(11)
TCCL(11) TC30(10)

é6cco(12) 3ccof1l)
Tcch(13) 3cco(8)
Tcc2(11) c3cc(8)

TCCL(1h) c3cc(ik)
6cco(10)

crcc(37) ree3(a7)
clcc(33) 2cco(28)
7CCO(10)

T7CCO(36) cacc(16)

&The contributions aré relative and may total more than 100% due to the
presence of negative off-diagonal interaction constants.

The force constants given are described in Table V.

Only the dominant coordinates are given.
molecule are coded in the manner described in Tables XIX-XXI.

The individual coordinates for each




=
O O N oW FE w0

=
- o

T i
= WD

15

16

17

18

19

20
21

22

23

=172~

TABLE XXXVII

ERYTHRITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS .

Calc.
cm

3351,
3351.
3331.
3330.
297k,
296k,
2921.
2909,
2872,
2867.
1498,

Freq.,
-1

O VI W W 1 v H W O O/

1457.8
1418,2
1369.8

1353.
1331.
1320.
1276.
1250,

12h45,
1230,

1205.

1148,

Relative Coptribution, Al

Diagonal Force Constants

0'H(99)
0'H(99)
OH(99)
OH(99)
C'H(98)
C'H(98)
CH(9T)
CH(98)
C'H(9T)
C'H(9T)
HC'0(33) HC'H(22) C'0(15)

HC'0(50) HC'H(28) c'0(8)
HCO(77) HCC(11)

HCO(L8) COH(16) HCC(1k)
co(16)

C'OH(23) HC'H(20) C'C(13)
HCO(13) HC'0(12)

HCC(k1) ¢'c(12) C'OH(11)
HCO(8) cro(8)

HC'H(23) C'0H(18) HCC(15)
cro(12)

COH(26) co(25) HC'0(12)
HCO(8)

HC'0(24) HCO(12) COH(12)
C'OH(10) HCCc(1l) Co(15)

)

)
HC'0(50) C'OH(T) C'c(T)

)

HcC(27) HC'o(2k) cc(iT)
crc(11) HCO(10) COH(8)

HC'0{28) HCC(1T) cc(13)
co(13)

c'oH(28) ¢'c(21) HC'0(18)
HC'H(13)

Internal Coordlnates

oLH(99)
O1H(99)
02H(99)
03H(99)

 CLH(50) chH'(48)

ClH(52) C1H'(46)
C3H(87) c2H(10)

C2H(88) C3H(10) "
ClH'(52) C1lH(L45)
ChH'(49) ChH(L8)

HChH(22) HC'O{21) HChO(ll):
cko(15) '

HCLH(28) HC10(28) H'CO(21)
HC20(60) HC30(16)

- HC30(37) COH3(16) SCCH(13)

€30(16) HC20(11)
COH1(2L4) HC1H(21) c1c2(13)

bCCH(25) CoHb(11) c3ck(12)

HChH(21) CcOH4(16) SCCH(8) °
cko(10)

coH2(27) c20(23) HC30(T)

HCLO(12) €30(12) 5CCH(11)
HC30(11) COH4(11) COH3(8)

H'CO(23) HClO(El) HChO(T)

HC4O(15) 5CCH(13) 2CCH(12)
c2c3(16) CcoH3(7)

HCLO(16) 2CCH(15) HC'O(11l)
c2c3(15) C30(6)

COHL(28) c1c2(17) HC'H(12)
HC10(8)




39
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TABLE XXXVII (Continued)

ERYTHRITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc. Freq.,
em !

1128.4
1065.5
1060.5
1030.2
973.0
8912
837.8
699.2

611.5
545.,0

L85,h
431, 4

378.3
370.2

348.2
335.k
327.3

273.4

Relative Coptribution, %

- Diagonal Force Constants

HC'0(32) C'OH(1L) crc(12)
COH(10)

co(22) c'o(6) CoH(36)
C'0H(12) HCC(11)

cro(28) cc(7) c'ou(aT)
HC'0(10)

C'o(37) co(8) croH(25)
COH(17)

co(38) c'c(6) cc(s)
COH(L2)

cro(23) crc(a7) cc(1é)
HCo(1k)

c'c(38) cro(27) HC'O(1k)
HC'Cc(1l2) HC'H(10)

- c1cc(33) cc(29) HCC(26)

crc(e2)
cco(22) ccro(12) crec(18)

ccro(as) cco(20) cre(1T)
HC'C(15)

ccro(30) crece(1o) -co-(10)
HCC(9) €cCo(8)

HC'C(53) -C0-(20) c'cc(9)
cco(9)

CCo(36) -co-(36) HC'C(20)
-C0-(39) HC'C(29) -CC-(20)

-C0-(82) HC'C(8) cco(e)
-C0-(83) HC'Cc(T7) HCC(6)
-C0-(73) HCC(1L) ccro(T)

cco(ko) HC'e(37) crec(12)
-C0-(9)

Internsal Coordinatesc
HC'0(29) c3ck(11) comk(10)
COH3(9)

COH3(34) €30(21) conk(16)

c10(20) cko(8) c2c3(T)
COH1(T)

cho(2k) c10(13) c30(6)
COH4(18) COH3(13) COHL(T)

C20(36) c1ca2(6) cac3(s)
COH2(39) 2CCH(9)

c10(18) c3ck(16) c2c3(16)
2CCH(11)

cLca2(27) c1o(27) c3ck(10)
HC1H(T) H'CO(T)

. c203(29) cacc(23). c3ck(18)

3cCcH(10) ,
5cCc0(20) 1cco(11) c3ch(15)
1cco(22) scco(ls) cicz(1s)

1cco(27) cace(8) Tcao(8)

1CCH(33) 'cCcH(15) TC10(15)
cLce(9)

3CC0(35) TC10(26)

TC10{34) TCC1(20) 1CCH(15)
"CCH(13)

TCLO(75) TC30(T7) CCH'(L)
3cco(k)

TC30(75) TCHO(7) 5CCH(5)
6CCH(L) :

TC20(66) 2CCH(12) 1cco(T)
TC10(6)

5cco(27) CCH'(20) 6CCH(17)
Leeo(r)




No.

b2
43
Wl
45

46
b7

48

-17h-

TABLE XXXVII (Continued)

ERYTHRITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._Freq.,
em !

242.0
158.2
149.3
125.8

91.6
75.5

4L8.9

Relative Coptribution, %°

Diagonal Force Constants
crce(s52) -ce-(k2) cco(26)
HCC(19) -CO-(15)

CCO(55) -cc-(28) co(12)
HCO(11)

CC'o(69) HC'0O(12) cco(1l)
-cc-(10) cro(17)

CCO(67) cree(s2) -cc-(19)
HCC(13) -

-CC~(57) ccro(17) cco(1é)
c'cc(bos) Hee(2Th) cco(2oh)

—cc-(7h4) cco(22) cree(12)

Internal CoordinatesC

cicc(h9) Teci(Lr) 2cco(1)
TC10(15)

2cCco(L8) Tcca(23) c20(12)
6CCco(63) cho(17) TCcc2(9)
2CC0(6)

Lcco(k9) cacc(h8) c2c3(13)

TCcCc2(50) 6cco(16) 2cco(1s)

Clcc(311) c2c3(167) ucco(13s)

3CCH(132) c2¢c(93)
TCC3(71) kcco(21) cacc(10)

&The contributions are relative and may total more than 100% due to the
presence of negative off-diasgonal interaction constants.

bThe force constants -given are described in Table V.

cOnly the dominant coordinates are given.

The individual coordinates for

each molecule are coded in the manner described in Tables XIX-XXI.
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TABLE XXXVIII

D-ARABINITOL

|
DOMINANT INTERNAL COORDINATES. AND POTENTIAL CONSTANTS

cm

3351.
3351.
3330.
3330.
3330.
2982,
2956,
2933.
2921,
2913.
2896.
2864.
1476,
1L61,
1hl1.

1432,

1382,
1369.

1333.
132k,
1299.
1293.

1285,

Freq.,
-1

=

~N & O OO N O WwWw WO O @ o o o v =

Relative Copfribution, 72

Diagonal Force Constants

0'H(99)

0'H(99)

OH(99)

OH(99)

OH(99)

C'H(97)

C'H(92) CH(5)
CH(96)

CH(91) C'H(T)
CH(98)

C'H(95)

C'H(98)

HC'H(56) HC'0(36)
HC'H(62) HC'0O(13) HC'C(13)
HCO(41) HCe(38)

HCO(41) Hcc(al) coH(1h)
co(18)

HCC(4T) HC'O(1k) HC'C(20)
HCcC(61) HCO(11) co(13).

HCO(45) HCC(33) HC'0(9)
C'0H(6)

HCc(32) c'oH(15) HCo(12)
HC'C(11)

~ HCO(30) HC'c(1k) HCC(13)

HC'0(13)

HCC(17) HCO(15) COH(15)
C'OH(1k)

C'OH(3T) HCO(25) c'0(12)

-C
S

Internal Coordlnate

OLH(99)

05H(99)

ObH(61) 02H(37)

03H(45) 02H(28) okH(2T)
O3H(53) 02H(36) OkH(11)
CSH'(L9) c5H(LS)
C1H'(47) C1H(45)
c3H(48) ChH(48)

c2H(88)

C3H(49) ChH(LT)
C1H'(50) C1H(L45)
C5H(49) C5H'(48)
HC1H(56) HC10(19) H'C0(18)
HCSH(62) HC'0(10)

HC20(2L) LocH(21) He30(13)
c20(1h)

HC4HO(36) ChO(1T) COHM(13)
6CCH(11)

6CCH(17) T7CCH(15) 2cCH(8)

2CCH(18) 3CCH(17) 6écCcH(11)
€30(9)

Hc20(27) bkccH(19) HC30(1T7)
3CCH(12)

5CCH(22) COH5(1L4) €50(9)
ccH'(T7)

HChO(21) HC30(9)

COH(13) 5CCH(12) HC30(12)
COH1(9)

CoHL(35) HChO(15) c10(12)
HC30(9)




No.

2l

25

26

a7
28

29

30

31

32

33

34

35

36

37

38

39

4o

bl
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TABLE XXXVIII (Continued)

D-ARABINITOL -

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

Calc._freq.,

cm

1270.

1261.

1246,

1219.

6

1

1208.0
1190.7

11h1,
1115.
1108,
1082,
1070.
1019.
1010.
969.
93T7.
896.
858.

718.

Relative Coptribution, %°

Diagonal Force Constants

HC'0(29) HC'c(1T7) HCC(10)
C'0H(22)

HC'0(25) HCO(1T) COH(1LL)

C'oH(11

HC'C(5L
C'OH(8)

HC'O(45) HCO(25) HC'C(21)
HC'O(l41) HC'C(23)

COH(3k4) HCC(25) HC'0O(16)
HC'C(15)

c'c(29) cc(18) cro(8)
COH(29)

c'c(ho) cc(12) HC'C(26)
COH(15)

HC'C(39) co(11) coH(10)
Hc'o(;o)

cc(28) co(11) cro(8)
HC'0(1k) HC'c(12)

¢cr'c(15) c'o(12) co(10)
COH(15) C'OH(15)

co(31) c'c(1o) CoH(26)
HC'C(19)

c'o(26) co(a20) crc(13)
COH(1T)

cro(2k) co(13) cc(e2)
cre(9)

)
) HC'0(30) HCC(16)

-~ ¢'o(43) c'c(12) C'OH(22)

c'c(33) c'o(19)

cc(18) co(1t) c'o(13)
COH(13)

cco(23) cc(ik) co(ik)
HCC(10)

—C
S

Internal Coordinate

HC50(22) COH5(18)
COH2(13) COH1(11) HC50(12)

1CCH(37) HC10(17) 'CCH(15)
2CCH(10) .

HC10(23) HC20(23) H'CO(21)
HC'0(33) CCH'(20) cko(9)

COH3(20) cOHL(11) HC50(10)
c1c2(29) cac3(16) c10(8)
COH2(26) e

ckc5(37) c3ck(11) ccH'(25)
COH4 (15)

"CCH(30) €20(10) 1CCH(9)

c3ck(28) €30(9) c50(8)
HC'0(10)

€50(11) ckecs5(9) cko(9)
COH5(1k) COHL(13)

€30(25) c1c2(8) con3(19)
"CCH(13)

C10(15) c30(1k4) cica(r2)
C50(11) COH2(16)

cro(2k) c3ch(12) cac3(11)
cLkes(8)
c10(25) c50(18) cica(11)
COH1(13)

chkcs5(20) €50(15) cica(13)
cac3(8)

C50(11) c20(9) cac3(9)
c3ck(8)

c30(12) c2c3(12) Lcco(1l)
3cco(11)




No.

ko

43
LY
k5
46
b7
48
kg
50
51
52
53

5k4

55
56

5T

58

59
60

Calc._greq.,

cm

626,

590.
480.
430,
372.
359.
3b1.
331.
328.
302.
268.
249,

211.

177~

TABLE XXXVIII (Continued)

D-ARABINITOL

DOMINANT INTERNAL COORDINATES AND POTENTIAL CONSTANTS

(98]

~N O W O o O N W K wuvi o

195.9
149.1

135.

111.7
80.5
Th.7

Relative Coptribution, %=

Diagonal Force Constants
ccro(29) cco(17) HCC(11l)
cree(9)

ccro(32) cco(1s)

cco(38) crce(8)

cco(29) ccro(ar)

-C0-(68) cco(1k)

~-C0-(63)

-CO-(T6)

-C0-(90)

-C0-(86)

cco(28) -co-(26) -cc-(16)
cco(35) -co-(17) -ccx(12)

cco(32) -cc-(25) -co-(19)
cree(1s) -

~cc-(42) cco(39) crece(12)

-cC-(40) cco(32)
cco(u8) -cc-(47) cree(38)

cco(84) ccc(29) HCe(21)

crec(lsg) -cc-(34) cco(32)
-cCc-(86)

cco(ks) —cc-(40) HCC(3L)
ctcc(e8)

Internal Coordinategﬂ

8cco(26)

1cco(21)
5¢C0(23)
1cco(25)
TC30(45)
TC50(39)
TC20(39)
TCL0(52)
TC10(61)
TCS0(19)
3cC0(25)

Lcco(20)
5CC0(11)

TCC1(30)
5CCO(11)

Tock (22)

TCC3(31)
2Cc0(16)

2CC0(39)
6cco(11)

c3ce(h1)
TcC2(38)

2cco(35)
TCC3(16)

3CCO(10)

8cco(10)
6cco(al)
6cco(17) s5cco(8)
TC50(15)
TC20(1k)
Tch0(25)
TC20(20) TC10(16)
TC30(12)
6CCO(11)
kcco(10)
TCck(15) ¢3¢c(13)

2cC0(13) Tcck(1l)

TCCO(22)

cicc(2h) Teco(19)
c3cc(1l)

ca2ce(29) Tcco(22)

7CcC0(28) TCCL(16)
TCC3(37)

cice(28) reez(23)
2CCH(24)

S The contributions are relative and may total more than 100% due to the
presence of negative off-diagonal interaction constants,

bThe force constants given are described in Table V.

cOnly the dominant coordinates are given.

The individual coordinates for

each molecule are coded in the manner described in Tables XIX-XXI.
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APPENDIX IV

CALCULATED FREQUENCIES FOR DEUTERIUM~-SUBSTITUTED
RIBITOL AND XYLITOL

Ribitol (COD), Xylitol (COD),
v, cm ! v, cm !
2068 109k 2966 1062
2949 1036 2963 71035
2933 1016 2934 1011
2922 988 2922 997
2914 976 291k 982
2901 880 2884 858
2880 837 2882 832
24kh0 785 2440 794
2uLo 751 2439 763
225 733 2h2s5 737
2425 715 a2Lh23 717
2423 | 589 2423 . 591
1480 493 1460 500
1L68 480, 1453 L2k
1hhl k12 1432 382
1406 350 1425 342
1376 304 1383 321
1362 277 1352 297
1346 257 1343 275
1311 249 1342 261
1297 243 1306 256
1291 225 1289 : 227
1263 216 1276 201
1244 . 209 1253 193
1224 181 1229 178
1186 164 1225 159
1182 116 1165 134
1145 111 1146 98
1132 82 1127 8L

1125 68 1103 72




