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SOME RESULTS OF A LOAD-ELONGATION I!-ﬂi'ESTIGATION WITH THE
I.P.C. LOAD-ELONGATION APPARATUS

SPECIMEN LENGTH EFFECT

In his paper presented at the Symposium on Rheology of

Cellulose Fiberp and Sheets (ACS, September, 1954), Rance presented
charts indicating that the load-elongation curves obtained for paper
specimens identical in all respects but length differed substantially
because of the diffefence in span length, In order to investigate the
possibility of the existence of such a phenomenon, and to ascertain
whether the effect is caused by jaw pull-out, it was suggested that a
series of papers be tested on the I.P.C. load-elongation apparatus

(DC 176). This equipment was chosen because it was thought the structure

-of its specimen ¢lamps would eliminate clamping errors which might arise

with conventional clamps. The papers were chosen to cover as wide a
!
variety and to be as representative as possible while maintaining their

number at a reasonable level, All are smooth surfaced. They are listed

- in Table I.

Specimens one inch in width were cut from these samples in
both the machine and cross machine directions in lengths to provide
initial testing spans of 2-.1/2, 5, and 7-1/2 inches., An actual rate of

travel of the lower clamp was chosen to provide a rate of elongation
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which would be the same among the lengths, A rate of 0.15% per second

was selected. Cutting and testing of the Spocinahs was done in a room

conditioned at 504 R H., 73°F,

Load-elongation curves were obtained for five specimens of
each sample at each length in both the machine and cross-aachine directions.
Data were read from each of these ourves in the following manner, The
load (in chart divisions) at whiech each speeimen ruptured was noted.
The minimum breaking load of 2 particular sample in alparticular direction
for its three span lengths was determined and measurements of percentage
elongation made at this losd from each of the fifteen curves in this
group, 3ixty per cent of this aininu! breaking load was then calculated
and measurements of elongation again“madé on the fifteen curves at this
load, The percentage elongations at 1004 and 604 of the minimum breaking
load then provided a measure of the dependence of the load-strain curve
on span lengtb., Appropriate minimum breaking lcads were chosen for each )

]
group., Table II lists<the;data as determined from the curves, A cursory

examination of these data fails to reveal any definite trend,
COMMENTS ON THE LOAD-ELONGATION APPARATUS

All of the samples selected were satisfactorily tested on the
load-elongation apparatus, A scale was attached to a fixed upright
adjacent to the post supporting the limit switches, A pointer attached

to the upper limit switch bracket then made it possible to set the upper
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1limit switeh direetly to provide the desgired initial span length, This
was found to be a great convenience when changing repeatedly from one

gpan length to another,

The specimen clamps gripped the specimens sacurely when tightened
by means of the knurled handles; but as ihia procedure eventually caused
some discomfort to the hands, a hole was drilled crosswise through the
end of each handle to permit entry of a red., The resulting lever arrange-
ment made ¢clamping much easier, It also resulted, however, in an ability
to apply too much clamping pressure to the specimen, A series of repeated
specimen breaks at the elamps was traced to this cause: when the ¢lamping
pressure was lessened, the specimen ruptures occurred away from the clamps,
Nevertheless, with this reduced elanpiﬂ( pressure the gpecimsn was still
gripped tightly enough to be transparentized in the clamping area, Evidence
of desirable clamping characteristics are provided by stretched glassine
specimens (one of whieh is attached to this page) whieh clearly show a
sharp clamping 1ine. Mo evidence of slippage in the clamps has been
observed, In order to get the comparatively thiek blotter stock in the |

lower clamp, it was necessary to spread the clamp very slightly each time,
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At the start of the present work, ruptures at_the flanp_were-
rather frequent. Tl';is was traced to improper adjustment of the clamping
jig (nﬁed-to aiign the speéimen fﬁr éiamping in the upper clamp), When
this condition was corrected, the specimens were clamped in proper align-
ment and breaks at the clamp became rare, It was also observed that the
toe of the load-elongation curve (the slowly rising portion at the very
beginning of a curve--before the major rise commences) seemed to depend
on the alignment of the specimen. When a specimen was deliberately mis-
aligned, the toe was of appreciable extent; when clamped in good alignment,
however, the toe was quite small, Occassionally a curve would be obtained
in which the toe was nearly nonexistent, seemingly indicating near perfect
alignment and clamping. (Clamping is included since any slippage from a
poorly contacting area of a conventional clamp might well occur at initial

loading,)

Hanging a fixed mass frﬁm the upper clamp after turning on_the
strain gage amplifier (operated through a Sorenson regulator) and allowing
it to warm up produced slightly different indications on the recorder
from one "turn on® to the next. During any one period of operation, how-
ever, (which might extend two or three days) the indication remained con-
stant., The stabllity of the system under these conditions was very good:
during the course of a series of tests at a particular amplifier gain
gsetting, the bridge resistance balance control would need only occasional

slight adjustment,

Specimen elongation is recorded by chart movement--the chart
being driven from the elongation gear train, It was discovered that one

could be assured of obtaining the initial portion of each load-elongation
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- curve if.the.backlash was removed from the recorder gear train before
starting the specimen loading. This was accomplished with the following

procedure,

1, After the previous specimen had ruptared, the Zero-Max
was reversed to move the traveling bar upward. The recorder gear train
system was not disturbed--it was left engaged, with the overrunning cluteh

preventing chart advance during the upward motion of the traveling bar,

2, When the traveling bar reached its starting point, it

operated the npper limit switch, causing the motor to stop.

3. The specimen (already fastened in the upper clamp) was

placed in position and the lower clamp tightened,

4, The push button which shorts out the limit switches was
then depressed momentarily to cause the traveling bar to move still farther

upward, but not far enough té operateiiﬁe éafaty switch,

5. The Zero-Max reversing lever was then pulled forward, the
recorder pen zero checked, and the shorting switch depressed and held

down until the "Limit” neon extinguished,
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LIST OF SAMPLES
Approx, BW,
Sample No., g/l2 Deseription
1 42 Unbleached kraft
2 84 Unbleached kraft, wrapper
3 140 Unbleached kraft, liner
3 243 Standard blotter stock
5 47 Bleached sulfite, 100%
6 77 Bleached sulfite, 100%
7 76 Coating raw stock; 50% deinked fibers
8 47 Amber glassine, plasticized
9 52 Amber glassine, not plasticized
10 52 News, 79% groundwood
11 ' B 7 "Rag, 100%°
12 104 Rag, 100%
13 88 Coated, supercalendered (not sample
- 7 stock)

" 14 10.5 Condanser tissue, 0,000%4 inch, kraft
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TABLE II
_ L . L SPECIMEN ELONGATIONS
: Klongation, % - :
100% Minimum Breaking 60% Minimum Breaking
Length, Load \ load
Sample inches M.D. Av, X.D. kv, KED. &v, X.D.
1 ?-5 oo% 1-03 20?2 20“3 00“5 0.“8 0059
1,04 2.35 0.48 0.53
0.99 2.50 0.48 0.53
1.01 2,29 0.48 0.53
1.15 2.50 0.51 0.53
5 0.96 1,14 2.4%0 2,59 0,48 0,58 0,52
1,16 2.4 0,60 0.52
1.04 2,84 0.52 0.52
1.16 2.92 0.56 0.60
1.5 2,36 0.56 0,52
2,5 1.04 1.1 2.64 2.7 0,48 0,50 0,56
1.04 3.36 0.48 0.56
1.12 3,00 0.48 0.56
1.12 2,36 0.48 0.52
1.36 2.36 0.56 0.52
2 7.5 1,12 1,17 1.70 1,70 0.48 0,51 0,58
1,06 1,66 0.48 0.58
- 1;22 - 1.70 0.54 0.58
1.28 1.70 O.54 0.58
‘ - 1.76 - 0.58
| 5 1.12 1.28 1,74 1.72 0.50 0,53 0,56
1.28 1.80 0.52 : 0.58
1,58 1.88 0,62 0.58
1,28 1.58 0.54 0454
1.14 1.60 0,48 0.54
2.5 1.56 1,22 1,40 1.8 0,64 0,54 0,52
1,12 1.68 0.52 0.56
1.20 1,80 0.52 0,60
1.08 2,00 0,48 0,60
1.16 2,16 0.52 0.64

Av,

0.54

0.54

0.54

0.58

0.56

0.58
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TABLE IT (Continued)
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TABLE II (Continued)
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TABLE II (Contimed)
Elongation, %
"100% Minimum Breaking  60% Minimum Breaking
Length, - Load Load

Sample inches M, D, Av, X.D, Av, M,D, Av, 1D,

5 1,04 1,05 1,08 1,14 o.44 o0, 0,38

1,16 1.2% 0.56 0. 44

1.0’* 1.]2 O.M 0-""0

1,02 1,20 0.4 0.4

1.00 1.0“ OQM Oobo

2,5 1,06 1,03 1,16 1,09 0.44 0,46 0,40

1,04 1.12 0,52 0,40

1008 1'00 o.ba OQLFO

1,00 1.16 0,hh 0.40

1,00 1,00 0. 44 0,40

AV,

0.41

0,40
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ANAMCRPHIC TELESCOPE REPORT

In graphic arts work there is sometimes a need to make a photocooy
that will produce a stretched photogravhic image. In particular it may be desired
to copy a square figure as a rectangle. This result is most easily accomplished
by tlacing in front of the copy camera an opera glass or galilean zgiescope that
is made with cylindrical objective and ocular leunses with rarallel axes. If the

telescope is designed to form a slightly magnified image that .is nearly coclanar

with the object being viewed, the desired result will be achiaved.

Laboratory tests show that magnifications (or "stretch ratios") of unity
up to 4/3 are nossible using simple ophthalmic quality lenses. At these lower
ragrifications there was some evidence of lateral chromatism. A test at a magni-
fication of 2.0 with simple lenses suggests that, at these higher magnifications,

~curvature of field is also a problem.

The -theory of such telescopes is presented here., Figure 1 shows a
diagram of such a ‘elescope. In the figure, Fy denotes the focal lenzin of the
positive objective lens and 7, that of the negative ocular. The camera lens will,
of course, be prlaced adiacent to the ocular. The object distances are denoted
as S with the a-rropriate subscript, and the image distances as 3'. The separation
betwsen the lenses, D, is vositive as shown. The object and image distances follow
the common sign convention, and are positive or negztive as indicated in the figure

for the case shown. The object and image heights are y and 7' resrectively.

FORM 7-3 THE INSTITUTE OF PAPER CHEMISTRY

2500-7-56



Cylindrical Cylindrical . ,H;ﬂgﬁﬁi;ﬁ
Virtual Ob jective Oculay KPE AN
Ob ject Image Focal Length Focal Length - e -

The anamorphic telescope., The axes of the oyliﬁdrical lenges
are perpendicular to the plane of the paper.

Figure 1

First the conditions will be determined under which the object and image
are coplanar, The lens equation that describes the behavior of image points with

spherical lenses, holds as well for image "lines" with cylindrical lenses,

——

I. Solve for S!

2
1 (a) 5] = (5F1)/(51-F,)
1 (b) ] S2 =D - Si
1 (e) 8y = (SF,)/(5,F,)
FZED(SITF 1)-31?1]

.

9(51312;31"1-?3(31-1’1) |

I R P - . rw--» U ;. - .
B e e * :Ihmfg . "5 i

——d i
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T T m o s A (@) mm o 8= a8yaD e em e

Substituting 1 (d) in'Y (@) gives the desirsd relationshicv: = - -~

1 (e) AR +9D 4+ C =0
Where A = Sl"Fl
- o2
2 = Sl - ZSlFl
C = -5% (Fy + F,)

In practice one will find it most convenient to ksep the camera lens,
the ocular, and the object fixed. Then the telescope will be focussed by varying
the position of the objective lens. For this reason it is desirable to put
Equation 1 (e) in a different form in whiéﬁ 3, + D is taken as a constant uﬁit

length.
Define the new dimensionless variables:

d = 0/(3y +'D) ’f2’=‘F2/(Sl"+'D) T Tt

f1=F1/(53 + D} sy =5)/(5] + D) =1d

If the telescone oblective lens is moved, d and sy change but the other
variables defined here do not. Then the condition for a covlanar object and image
becomes:

1 (f) ad® +bd + ¢ = O

Where a =1 + f2

b.

[§}

-1 -2f,
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Figure 2 shows the plot of d (fl) for different values of fz.

The second important step will be to determine the angular magnification

of the telescove as it will be seen from the position of the ocular. The camera

lens is, of course, placed adjacent to the ocular; so the angular magnification

as derived here 1is equal to the lateral magnification caused by the telesccpe on

the film plane of the camera.
2 {a) Angular Magnification, M = {yé/—Sé]/[yl/(Sl + D) ]

3ut in the dimensionless varlables, Sy+D=1

and y2/y1 = —si/sl

7, = wsylay = /(s - @)
Sutstituting:
2 (b) M= sifl(sy -d) (1 -d)]

But from Equation 1 (a}:

s! =5 fl/(sl-fl) =(1 - d)fl/(l—d-f

1 1 l)

2 () . M=/t -d+dd)
And for small values of d/fl and d:
2 (d) M=1+d/f; ——--

So, as a first arproximation, the magnification devends on the ratio

D/Fy and not on the object distance.
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It should be observed that the mégnification is not dependent on the
focal length of the ocular, F2. The ocular is important only as a means of
controlling the pééitiaﬁ'df-th;-ihage formed_by the telescope. Zquation 2 (c)
then gives the correct value -of the magnification regardless of whether or not
the object and image are coplanar. Equation 2 (¢) is also plotted in Figure 2,
It will be recognized that this magnification occurs in only one direction, the
direction in the object plane that is perpendicular to the lens axes. Hence, a

magnification of 1,2 times means that the image is "stretched" by 20%.

The magnification formula 2 (c) is also the basis of a simple explana-
tion of the lateral chromatism that is observed. The magnification of the telescope
depends on.the focal length f,, and the separation distance, d. The focal length
fl' varies in turn with the index of refraction of the glass in the objective lens

at different wavelengths, but d does not. PFrom Equation 2 (e) it follows:
2 (e) M/(M-1) = £1/(d - d?)

The focal length of a lens can be shown to vary with small incremenis of the index

of refraction dn:

2 (f) df, = -f) dn/(n-1}

Differentiate 2 (e}, and substitute 2 (f). The desired result follows:

2 (g) dM = dn M(M-1)/(n-1)

.

It is important to observe that the amount of lateral chromatism depends
only on the magnification and not on the particular combination of f; and d that
causes that magnification. Also the amount of "spreading" of an image line can be

calculated if the values of n are known at the ends of the spectral band of light
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Furthermore, this lateral chromatism should be effectively eliminated if i.

used,
- —-— — —the-objective lens were an_achromatic dowbdet. .____ ___ = = hﬂ
B - .
P N
T "7 7 "Figure 2, then, shows much of-the information that-is needed to make L
- b
practical design determinations for an anamorphic¢ telescope. It should be noted fﬁ;;
in particular that when f; = 0.4 to 0.5, the lines of constant f, are approximately g
¥
straight vertical lines. The indication 1s plain, It should be possible in 'ﬁﬂ§i§
v el
this case to change the magnification by moving the objective lens over a con- “i;ﬁ%
slderable range and still keep the object and image nearly coplanar. This pos. }3%
sibility should be pursued further, and so the question of depth of field of the bl
camera 1S now considered. : ﬁ%;
"
Jﬁiﬁgia
R
4

Cb 1eet Camera Lens I
mage
Point Focal Length Poiﬁt

F

St -~ AS!

m
)
»

Depth of field of the copy camera lens,

Figure 3
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The problem of the depth of field of the camera is considered with
reference to Figure 3. The focal length of the lens is F. The object and image
distances are S and S'., If the image is observed at a short distance aS' from
the plane of best focus; the image "point" will then appear to be a circular disc
of light of diameter ®. In ordinary photographic practice 5 will be a smail
fraction of the focal length. According to the Kodak Reference Handbook, a rule
for critical focus would be: F/3 2 1,000 to 1,700, This rule is intended for
general pictorial photography with lenses of "normal" focal length, For copy work

the rule will be rewritten:
3 (a) St/e=1

Where L is the large number of 1,000 to 1,700, (If one uses a copy camera lens
with an unusually long focal length and narrow field of view, still larger values

of L may be desired.)
FProm the similar triangles in Figure 3 it follows that:
3(u) . . &fs' =Afsr . . . . -

If this equation is combined with 3 (a) and the simple lens equation,

Zquation 1 (a), it can then be shown that:
3 (¢) A5/8 = £ (1+ M/IML + £ (1 + W)?]
Where:

45 is the change in the object distance corresponding to the change
in image dis*tance from S' to S' +AS5",
£ is the relative aperture, F/A, as marked on the lens barrel.

M is the magnitude (positive) of lateral magnification, S'/S.
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Referring back to Figure 1, let 51 + D be equal to S in Figure 3, because

both distances are the distance between the camera lens and a real object point.

Now sﬁﬁﬁéée thatVthé_anamofphic_teleséope does not have a coplanar object and image.
That-is, S; + D # 54, but instead the two distances differ by amount AS. If AS
is less than the value given by Equation 3 (c), the depth of field of the camera

will be sufficient to simultaneously focus the two planes,

Numerical examples will now show that this depth of fiel@ can be quite
considerable, Let L = 1,500, and suppose the camera is set to record at unit
magnification at 2/90. Even at this small aperture the diffraction effects of the
small lens aperture'will be practically insignificant in ordinary graphic arts
work. The indicated calculation shows thataS/S = ,159 and .097; that is, the
coplanar condition can be off by 16% on the far side and 10% on the near side.
One's individual practice may indicate to him the need to use a larger lens stop
or a different number L, but in any case a considerable margin in focus can clearly

be tolerated.

Even if £/327ware—used-instead-of—£/90 the corresponding tolerances in

the sample problem given above would still be as high as about 4.7% and 4%.

Figures 4, 5, and 6 show that the numerical values given for the
allowable depth of field are quite adequate in many situations. In each of these
graphs, sé = 55‘31 + D)} is plotted against d, with iines of constant magnification
drawn in, Figure 4 shows the behavior of a telescope for which F, = -Fi. It is
apparent that magnification ratios up to about 1,5 are quite feasible if the

object distance is adjusted to put f1 anywhere in the range 0.41 to 0.5, assuming

the coplanar condition can be off 16% and 10% as mentioned in the previous paragraph.
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Figure 5 shows that, if the telescope is redesigned so that Fp = -0.98Fy, much
less depth of field is necessary if the object dis-ance can be kept more nearly
fixed so that fj = 0,42 to 0.4k, Magnification values up to about 2,0 should be

possible in this case, - ’ ’ B

From an inspection of Figures 4 and 5, it is apparent that the big
advantage in using values of f1 of about 0.4 to 0,5 lies in the fact that a
particularly wide range of magnifying powers is permitted, "This fact is directly

dependent on the existence of a minimum value of S! at conveniently small values

2

of d, when f] lies in this range. The nature of the function sé (d) is considered
here in more detail, The results that are summarized may be useful in solving
detailed design problems for a telescope.

Equation 1 (c¢) can be rewritten in dimensionless co-ordinates:

4 (a) sy = fp(d-d? - £)/ld-d? - £ - £,(1 - d - £1)]

For constant f1, an extreme value of sé exists when:

L (b) d = dpay =1 - 2f)
and at this value of d:

4 (¢) sy (@) = sy (dpgy) = £, (4£1-1)/(4f9-1 + £5)
also when d = 0O:

4 (d) sé (d) = sé (0) = flfz/(fl + f2 - flfz)
Now define d, as that nonvanishing value of d for which s} (d) = s4 (0).

4 (e) do = (1 - 2£9)/(1 - £7)
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And the corresponding values of magnification are:

4 (f) M (dpax) = /(% £ - 1) .
4 (g) M (dg) = [(1 - fl)/rﬂ?

‘These equationé can be checked for a few speecial cases on the graphs in

Figures 4 and 5. Equations & (b), & (e}, 4 (£f), and 4 (g) are plotted in Figure 7.

The use of these equations is now shown. One will first observe the
depth of field of his copy camera for the particular object distance and minimum
relative aperture that he plans to use. The object distance for perfect focus is
taken as unity., The minimum and maximum distancés of good focus are respectively
s} {0) and sé (dpax). Solving Equations 4 (c) and 4 (d), one can find appropriate
values of f1 and f;, The telescope so designed will permit any magnification from
unity to M (dy). If these limits of good focus had been taken to be -0,95 and
-1,05 units, we observe from Figure 5 that the approximate solution is f) = 0.42,

£, = -0.98f.

A telescope can be designed so that the coplanar object and image would
be at a principal focus of both the objective and ocular, In that case the light
in the telescope is collimated, F, = ‘Sl - D, and the magnification is obviously
M= 'Fz/Fl' If the magnification is to be about 1,1, then f; is about 0,9, Figure 6
shows the focus conditions for this telescope. Ordinarily, this kind of design
with larger values of f} may not be desired. A longer telescope is required. How-
ever, if only small magnifications are required (M< 1.15) there may be an advantage

in having the magnification less sensitive to small changes in d.
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It will ordinarily not be desirable to design a telescope to operate

__with values of f, less than acout 0.4. There_is, however, one situation that may .

make this desirable. Supoose one wanted to have a telescope magnlflcatlon of

about 2.0 or greater. This ordinarily demands a large value of d, and this in

turn may lead to a reduced useful angle of view,

There is a possible way out of this trouble, As Figure 2 shows, one
can get a grea‘er magnification at smaller values of d by using smaller values
of ;. That is, one can use a shorter telescope if both the objective and ocular

are "stronger" lenses,

For example, Figure 2 shows that the coplanar condition is approximately

‘satisfied when f; = 0.28 and fp =-0.2 =.0,714f;. This corresponds approximately

to M= 2,0 and d = 0,17, To investigate the possibility of makimg such a telescope,
another plot similar to Figures 4, 5, and 6 is shown. Figure 8 shows a family
of curves for the condition f2 = -0.?1#f1. These curves show that magnifications

of 2.0 and greater are gquite possible as predicted. However, a price must be paid.

It is not p0551ble to change the magnlflcatlon very much w1thout also changlng

the object distance (i.e. without changing f1).

This does not appear to be the type of design that will ordinarily be
desired, but the sample problem does show the possibilities of working at smaller

values of fl'
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Prints are shown of sample photographs taken with a 23 1/4" lens on an
8" x 10" camera, All photographs incliude a test pattern of graph paper made with
20 lines to the inch. Kodalith Ortho film was used, and it was not developed to
high contrast because, to do so would likely obscure the fine lines. For this
reason the images lack the apparent sharpness that one ﬁssociates with high contrast

images., The photographs are made to deliberately show the faults of the optical

system, These faults would have been much less apparent if the images showed

bold black on white contrast and no very fine lines,

Figure 9 shows the results of adjusting the telescope for a magnification
of 1,15 times, There is some lateral chromatism but it is not too apparent unless

one scrutinizes the print with a magnifier,

Figure 10 shows the results for a magnification of 1,33, Only blue
lizht was used (Wratten No. 43 filter) but there is still some evidence of lateral

chromatism. 4Also the angular coverage of the telescope is reduced.

Flgurp 1l is essentlally the same as Figure 10 except for the light
séu;ce. A mercury arc 1amo was used w1th a Wratten No. 47 fllter, the combination
passing only the 0,405 micron and 0,435 micron lines, This light produced only
a spot of light in the middle of the te§t ocject. The horizontal lines on the top
and bottom of the figure are doubled. The spacing of the lines, as closely as
one can measure, agree with the calculated value based on Equation 2 (g) assuming
the objective lens is made from common crown glass, The inference to be drawn
from Figures 10 and 11 is clear. Excellent results are to be expected at this
magnification from a telescope made with simple ophthalmic lenses if monochromatic
light is used. If the telescope objective were an achromatic doublet, equally

good results should be obtained with any light.
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Figure 12 illustrates the result of rotating the telescope about 45°

in front of the camera lens, This transforms a square into a parallelogram.

The effect this has on the printed letters is calied "italiciiiﬁgiwin the graphic

T Tarts trade. “The maximum italicizing effect-occurs when the-telescope- is -rotated . . -
exactly 45°, and in this case the angles of the parallelogram differ from the

original 90° by an amount:
2 tan™t [(u-1)/(M + 1)] |

The results shown in Figure 12 are in approximate agreement with the

16 degrees calculated for M = 1,33,

Figures 9 through 12 were all made with a telescope made of lenses
52 mm. in diameter. The focal lengths of the objective and ocular were + 67 cm.
The limited field of view shown in Figure 10 is simply due to the small diameter
of the objective lens, This lens can easily be made of larger diameter to cover

a larger field of view,

- - ° - -Figure 13 shows-the resulis-with a-telescope-similar in structure to . .
the one descrived by the graphs in Figure 8. The magnificatioen is 2.0, which is
an extremely high magnification for a telescope made of simple lenses. The
illumination was the 0,546 micron green line of a mercury arc. The focal lengihs
of the objective and ocular were respectively about 37 cm, and ~25 cm., An inspection
of the image on the ground glass indicated that at this greater magnification,
curvature of field becomes important when simple ophthalmic lenses are used. It
is believed that the curvature of field problem would be less if the other tele-

scope was used., However, that would have required a greater lens separation D

than was possible with the equipment that was used for these tests. It also
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would have caused considerable vignetting of the image.

- -—In all of these tests the magnification, as calculated-from-Equation 2 (c)

agreed with the values measured on the original photographic negative.

The test equipment used for these photographs is not described in detail.
It was improvised from metal tubing with threaded ends, For professional use
the telescope lenses should be mounted on the two ends of a good rigid view camera
with bellows, rack and pinion focussing, and a suitable provision for making precise
rotationél adjustments of the individual lenses, Such an arrangement would enable

one to set up the telescope in a very short time.
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Arthur Lathrop

© 7" PROBLEMS REGARDING THE- LIGHT- SCATTERING - - -
PROCESS

Ed Arnold, as a part of his doctoral research, attempted to
compute theoretically the Kubelka Munk scattering coefficient of a glass
fiber mat. The attempt was conspicuously unsuccessful. His computed
coefficient was about 2 or 3 times too great, depending on the detailed
assumptions made in making a connection between the individual glass
cylinders and the hypothetical "infinitesimal" layer. Further work was
done by Lathrop on this problem and has been submitted as a Project 2210
report. This work shows that the discrepancy in Arnold's work will re-
main as long as his general method of attack is used. That is, it does
not appear possible to clear up the diff}culty by juggling the assumed

angular distribution of the diffuse radiation inside the sheet.

Consequently, it seemed advisable to consider a totally different
method of attack. As a working hypothesis the Kubelka Munk model, itself,
has now been rejected. A varied model has been given by Duntley (Jour.
Opt. Soc. Am. pg. 51, vel, 32, Feb., 1942). The first indications are
that this model may resolve the difficulties that Arnold observed, and
further may give a valuable method for further study of the mechanism of
light scattering and absorption in layers of powdered or fibrous materials,
Some measurements have been made on tea bag paper and translucent draft-
‘ing paper. In both cases fairly small but definite departures from the
predictions of Kubelka Munk are observed. Further, these departures are

in exactly the direction that Duntley's theory would indicate. Also, a

FORM 7.3 THE INSTITUTE OF PAPER CHEMISTRY
2900-6-61
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consideration of Duntle&'s theory suggests that the Kubelka Munk results
will be most nearly correct for small particle scattering centers that
approach Rayleigh law scatterers., Conversely, large particle scatterers
have a marked preference for scattering in the forward direction; and

these materials should show the greatest departures from the predictions

of the Kubelka Munk Theory.

The Duntley model is based on a consideration of what happens in
a reflection meter like the General Electric Recording Spectrophotometer,
in which the incident light beam is collimated and the diffuse reflected
ligﬂt is coilected in an integrating cavity. Duntley assumes that the
total radiation incident on any infinitesimal layer can be divided into
two parts, a collimated part and a diffuse part. Consequently,Athere are
two scattering coefficients B & B' analagous to the K.M. scattering
coefficient, §. Similarly, there are two absorption coefficients s and o'
analagous to the KM, k coefficient. In each case the primed quantity
refers to an incident collimated beam. Further, a coefficient, F', de-
) qscribes‘the_part of the forward travelling incident coilimated flux that . _
is converted to forward traveling diffuse flux. In the Duntley model all
of the back scattered flux is diffuse flux. Calculations made by Lathrop
and Arnold, as well as others, would suggest that B>B' and upu'. Also,
it is likely that F'y-é. The usual viewpoint taken with respect to the
Kubelka Munk theory is simply that the incident light becomes diffuse
light almost immediately upon penetrating the light scattering medium, If
this were true, then F'»> >B>»B'. A cursory check shows immediately that
the Duntley equations reduce to the K,M. equations in that special case. [Of

course, the Duntley equations alsec reduce to the K.M. equations when B = B!'

and p = u',]
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The difference between a "Duntley scatterer'" and a K.M, scatterer

is readily shown in two graphs., Let us plot the reflectance and trans-

mittance against sheet weight. The results are generally

log R log T

log W log W

of the nature shown--assuming B>B' and m>u'. Measurements made on two
different papers, as mentioned before, confirm that the Duantley theory
gives a much better description of the observed results. For example, in
the cgge of the tea bag paper, the observed results are very closely de-
scribed by the coefficients s = 0.4 k = 0,021, However, this descriptien
holds best only for the heavier weights. For one or two individual sheets
where RqLLs ip thg range of 0.25 to 0.40, the Kubelka Munk predictions.
are off by about 2 points in both Ro and T. Of course, if both s and k
are raised proportionally one gets a better fit for the light weights and
a poorer fit for the heavier weights. The same material in Duntley terms
is described by B = 0,44, B' = 0,36, p = 0.0197, u' = 0.013, and F' = 0.68.
For the tracing paper the results are similar but the ratio of B to B' is
somewhat greater than in the case of the tea bag paper. If there are
any systematic errors in the Duntley description, the photometric accufacy
of these tests (random irregularities of about 0.3 points) is insufficient

to show it.

Flanned for the future are tests with pulverized or fibrous

glass mats, It is expected that with glass fibers as large as Arnold's,
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the ratio of B to B' should be much greater, perhaps as great--or greater
than 3 or 4 to 1. What is known of the angular scattering distribution

of cylinders and spheres suggests this. As a hypothetical problem con-
sidér é élass fiber mat Qith Rao = 0.8. As-one possible case ther A
Duntley coefficients could be B = 2.7, B' = 0.657, u = 0,0162, pu' = 0.0108,
and F' = 1.186. A scattering sheet that followed this description could
also be described--for the heavier weights--by the Kubelka Munk coefficients
§ = 1,0 and k = 0.025., The case proposed is purely "out of the hat,"

but if such a material did exist it would explain Arnold's results. What
Arnold calculated is more closely related to the Duntley coefficient B
than it is to the Kubelka Munk coefficient, s. Further, in the cése
suggested, the values of Ro, T, and Roo are very closely in accord with
the Kubelka Munk predictions when Ro i5'near 0.70. Only by checking a
vareity of weights, paiticﬁlarly the lighter weights, would it be apparent

that the Kubelka Munk theory was seriously wrong.

There 1s_one point of interest in the measurements that have
been made on the papers tested and in the hypothetical preoblem mentioned
above. In almost all cases one gets the best fit by taking a Kubelka
Munk absorption coefficient greéter than either p or u'. Also in some of
the hypothetical problems it is observed that the sheet reflectance de-
creases when the coefficient B increases--that is, dR/dB is negative.
Both of these observations may be manifestations of a light "trapping"
effect. This would occur only when the ratio B/B' is substantially greater
than unity. 1In that case the incident collimated beam would find it
easy to enter the sheet secause B' is relatively small. The back scattered

light would find it harder to get back out of the sheet because B is

relatively large. This observation, in the absence of a more formal scrutiny
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of the mathematical relationships, would serve as an explanation for the
negative value of dR/dB and also for the fact that the best fit to the

Kubelka-Munk theory demands a high value of the absorption coefficient k.

This peculiarity of the absorption coefficient k, also suggests
a possible result for an experiment that has been considered before. That
is the experimental check of the relationship between the‘Kubelka Munk
coefficient k, and Bouguer's law absorption coefficient a. Van den Akker
calculated that k/a would equal 2, at least if certain conditions implied
in the calculation were met. It is likely that with large particle
scattering the "trapping' effect is greater and the Kubelka Munk coefficint
is substantially greater than Duntley coefficients i or o'. Similarly,
then, cne might expect that the Bouguer law absorption coefficient is more
closely related tou and p' than it is to the Kubelka Munk coefficient, k.
Then the ratic k/a would be greater for large particle scattering mats

than for small particle mats.

It's risky; of-courge, td-realiyitry—io pfeaiét in advance the
result of experimental tests. In preparation for the planned experiments

an inquiry has been made of Co;ning Glass Works about fibrous and pulverized
colored glass. So far no reply has been received. Also an integrating
cavity is being prepared, for use with our photo multiplier photometer.

This would enable one to check these two scattering theories at low values
of transmittance that are outside the range of the G. E. R, §. Also a
different instrument would make it feasible to use pulverized glass mats,

It is not practical to use these on the G. E. R, S. because the mat must be

held in a vertical plane and would be apt to fall into the integrating cavity.
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NUCLEAR MAGNETIC RESONANCE STUDIES OF PLASTIC SOLIDS

INTRODUCTION

A full investigation of any solid will embrace measurements of both

|
} the NMR spectrum and the spin-lattice relaxation time. The information obtained
from the two measurements is as follows:

|

1. It is possible to tell whether a molecule or group is
rotating.

2, The nature of the rotational motion can be determined.

3. The temperature dependence of the rate of motion can be
T determined.

4, The diffusion of molecules in the solid and the temperature
dependen e of the migration rate can be determined.
The purpose of the present investigation is twofold, First, to acquaint the
investigator with NMR techniques- and secondly, to check the feasibility of
using the Varian A-60A NMR Spectrometer at The Institute of Paper Chemistry

to make the above mentioned measurements,

v
.ésw-‘.
s W

FORM 7.3 THE INSTITUTE OF PAPER CHEMISTRY

Y AT




Project 1102.9
August 25, -1967 - :
‘ Page 22 v - T e - : :

PLASTIC SOLIDS

Certain molecules form plastic crystals when freezing from the liquid

gtate. Tﬁesg ﬁoi;cﬁies a;é cailéa'élégﬁlar ﬁolécﬂies beﬁduse‘tﬂe§';fé apbroxi;
mately spherically symmetric (methane) or appear to be spherically symmetric be-
cause of rotation (cyclohexane).2 Plastic crystals have a crystal structure with
a high degree of symmetry, usually cubic. This 1s often called the high tempera-
ture or rotor\phase. At a lower temperature, these solids undergo a solid-solid
transformatioé to a less symmetrical crystal form and assume physical properties
more generally associated with solids. The entropy of fusion of the plastie
solids is less than 5 e.u. The sum of the entropies of fusion and transformation
of plastic solids is about the same as the entropy of fusion for a similar but
nonplastic solid. For example, the entropy of fusion for benzene is 8.5 e.u.

The entropy of fusion for cylcohexane is 2.2 e.u. but the entropy of transforma-

tion is 8.6 e.u. Because of the unique properties of these solids one anticipates

that they would offer an opportunity to study a substance which lies somewhere

between the liquid and the solid state.

The rotational behavior of polar molecules in the solid state has been

3 and more recently that of nonpolar molecules

verified by dielectric measurements
by NMR measurements.4 Elastic moduli, calculated from velocity of sound measure-
ments, seem to suppdrt the assumption that the molecules can be treated as being

spherically symmetric due to their rotational motion.5

Plastic crystals should not be confused with liquid crystals. In normal

solids, when the temperature is high enough, the thermal energy is of such a




"Simultaneously, the free molecules assume random orientations giving an iso-
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magnitude that the crystal boundaries are broken and the substance liquifies.

-tropic liquid. -In-plastic crystals the-freedom-to-rotate (isotropy) -already . - .. .-

exists in the solid state but the coherence of the crystaliis broken only at
the melting point. In liquid crystals, the fluidity comes first, giving an

anisotropic liquid.

In addition to thelir pseudo-soiid nature which is interesting in
itself, the rotational motion of the molecule affords an excellent opportunity
to develop techniques and analysis which can be applied to other systems. For
example,‘the temperature dependent properties of crystalline polymers are often
dependent on the behavior of groups along the chain.6 The motion of these
groups is similar to the hindered motion of the globular molecules. Although
a great deal of effort is being expended in this area, the success has not been

overwhelming because of the complexity of the system.

7,8,9

Pauli suggested that the splitting of spectral lines might be ex-
plained by assuming nuclei possess spin angular momentum and a magnetic moment.
We know that the maximum possible value of the component of the nuclear angular
momentum ih any direction is MI, where I is the spin quantum number. All data
on nuclei are consistent with the idea that the magnetic moment is zero if I = 0,
and if I # 0, the moment is parallel to the angular momentum vector;

—> -
W o= YAI (1)
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where Y 1is a constant.

We know the following about nuclei:

1. If the mass number A is odd, I is half integral,

2. If the mass number A and the charge number Z are
both even, I = 0.

3, If A is even and Z is odd, I is an integral.

We see that carbon 12 has I = 0 but the hydrogen nucleus has I # 0. If

I = 0, there is no NMR spectra.

If the nucleus that possesses a magnetic moment is introduced into

a magnetic field H,, the energy of interaction is given by .
N

VS Al (2)

—’
Choosing the z axis along HO

U= -W,H = - VA I,. (3)

I can take on the values I, X+1, ...., - I+l, -I, Since protons have spin

1/2,

U=+ YAH/2. (%)

Thus the two energy states are separated by [ fH,. If a radiative transition

occurs between these levels,
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and T T o ) ’ 5

2.68 x 10% sec” gauss

For a proton, Y

1.410 x 10723 erg/gauss.

and ]

The basis of NMR experiments {s to induce transitions between cthese
two levels by absorption or emission of emergy. The frequency of this energy
is, f = YH,/21 . For a proton in a field of Hy = 10% gauss, £ = 42,6 MHz.

This is in the radio frequency range,

Thus far we have ignored any environmental effects, i.e., we have
assumed all the nuclei experience the same magnetic field H,. This is not the
case in real life because of the effects of the neighboring nuclei, However,
if the surrounding nuclei are in rapid motion, as in a gas or liquid, the’
effects of neighbors averages out to be just about zero, giving absorption lines
that are very sharp. There is not an averaging process in the case of solids
and Ehe lines are much broader. The line width is used to obtain information

about the molecular motion and molecular geometry.

When our collection of nucled is in thermal equilibrium at some
temperature, T, the lower energy state will be more populated. If N1 is the
population in the lower level and N, the population in the upper level, the

ratio Np/N, is given by the Boltzmann factor.

.
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N2/N1 = exp(-2p Hy/KT), (6)

where k is the Boltzmann constant. At room temperatures and Ho = 104 gauss,

-5
28 Hy /KT~~10 .

The spinning proton (nucleus) in a magnetic field. experiences a

torque equal to the rate of change of the angular momentum of the system.

d(f_.;)/dt = 3x§ (7)
df /de = YPxiH (8)

This is for one nucleus. If there are more than one we sum over them all

per unit volume. This ylelds the nuclear magnetiziation, M.

-+ > =3

dM/de = ¥ MxH! (9
If H is again directed along the z axis,

M, = M, = ¥ H, (10)

where 7, is the magnetic suspeptibility. The magnetization is related to

the population difference N1 - NZ'

M, = W(N; - N,) (11)

for systems with spin 1/2,
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If we are not at thermal equilibrium,

S dM/de = (M - M)/T), (12)
i,e., we assume Mz approaches equilibrium at a rate proportional to the

departure from the equilibrium value of M, = Z'Ho. '1‘1 is called the spin-
lattice relaxation time. It is a measure of the rate at which the spin

system comes into thermal equilibrium with the other degrees of freedom.

Suppose we rotate the vector'ﬁ with an angular velocity whose

—,
magnitude and direction are given by W,
3 > >
dp /dt = wxp (13)

Comparing equations 8 and 13 we see that the effect of the magnetic field

is exactly equivalent to a rotation with angular velocity

@ = -Yi (14)

Thus if H, is constant, the magnetic dipole will precess about the direction
of H, with an angular frequency -H’HO. This is commonly referred to as the

Larmor frequency.

If a second magnetic field H1 of constant magnitude and direction

. co s 22
perpendicular to H, is introduced, a torque W le will be exerted on the

nucleus., As the frequency of the H, field approaches that of the precession

1
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frequency the resultant torque approaches a constant value and this will show
“Tup-as -a'resonance phenomenon;- -The-energy absorbed from the Hy field,- at
. Tesonance, is exactly the frequency required to induce transitions between the

two spin states.

As was stated earlier the absorption does not occur at a single
frequency but over a range of frequencies. This broadening of the spectral
line is due to a variety of causes the most important being spin-lattice
relaxation and magnetic dipole broadening. The former is most important in

liquids and gases and the latter in solids. Spin-lattice relaxation results

from the interaction of neighboring magnetic dipoles as the nuclei move
relative to one another. In this way the energy is transferred to the spin
system from the translational and rotational degrees of freedom. The order
of magnitude of the broadening can be estimated from the uncertainty

principle.
AElt =4 T sy

Since, AE = U = AALD
This implies, Af = ldéTrlSQ- Thus the line width on a frequency scale will

be of the order of 1/T1.

If the nuclei remain 'in the same relative positions for a long
time, as in solids or viscous liquids, we have to treat them as being in a
variety of local magentic fields. The line width in this case is characterized

by a time Ty, smaller than T;. T; and T; become equal when the molecules are
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rotating rapidly so the magnetic field averages out.

In practice, the line width is defined as the width between the

maximum and minimum of the derivative of the absorption line. It turns
however, that the second moment of the line about the zero of the first de-

rivative is a more useful quantity,

PRESENT INVESTIGATION

The NMR spectrometer available at The Institute of Paper Chemistry
is a Varian A-60A. This instrgment was designed for use with liquid samples,
primarily in solution. However, because of the high degree of motional freedom
of the molecules in plastic .salids it was anticipated that this apparatus could
be used to study this motion. One of the objectives of this investigation was -
to see to what extent this would be possible. The A-60A is classified as a high
resolution instrument in contrast to a wide line instrument. Almost all of the

’

previous werk on solids has been done on wide line instruments but there has

been a desire to extend the investigation into the high resolution regiou.

The particular solids chosen for this study were cyclohexane, camphene,
and cyclohexanol. A summary of some properties of these solids is shown in Table

I.

Table I, Physical Data for Solids Investigated.

Cyclohexane Camphene Cyclohexanol

Temperature of Fusion
(°C) 6 50 25

para
13~ SR
- FRE TN
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Table I. Physical Data for Solids Investigated (Continued)

Cyclohexane Camphene Cyclohexanol
_Edtrbby of Fusion L ) o ) 12
(e.u.) 2.410 2.3t - 1.4
Crystal Structure fce bee fee
Transformation
Temperature (°C) -86 =120 -8
-28
Entropy of 10 _ 12
Transformation {(e.u.) 8.6 7.4

The basis for selecting these particular solids was not arbitrary.
On the other hand, they are not thought to be unique in their characteristics
so the conclusions drawn from the work should possess some generality. Cyclo-
hexane has been studied using wide line instruments.l3 This should provide a
check on the results. The spectrum of cyclohexane shows a single line which
makes the data reduction a relatively simple task. The high resolution in-
-vestiéation may—alsg prodﬁcé sémé finé struétu;é ;ﬁich.wouid nb£ show ;é in
the wide line experiments. The 90°C interval between the melting and transfor-

mation temperatures is very desirable when studying thermal wvariations,

Camphene is of interest as a comparison with cyclohexane since it
has a bce structure in the plastic state as opposed to the fec structure for
cyclohexanol. The plastic state exists from +50° to -120°C allowing meaningful
thermal variations to be studied. It is known that fecc structures are more

stable than bec structures14 and one would expect this to be evident from the
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NMR data. Although neither melting nor phase transitions have been predicted

was known it would surely shed some light on the subject.

Elastic constant measurements indicate that the solid-solid transi-
tion for cyclohexane is abrupt (this is also true for cyclohexanol which is
also fee). In the case of camphene there .appears to be an "easing into the
transition."? Howeve:,;these.measurements.do not reflect the.whole picture
since they are concerned only with the vibrational motion of the molecules.

The Debye temperature determined from ultrasonic techniques is almost a factor

15

of three lafger than that determined from x-ray techniques,”” which are sensi-

tive to both vibratianal and rotational motion, The Debye -temperature 1s not
a good way to express the results of motion in the solid but it does give an
indication as to the types of motion. The NMMR data for cyclohexane show that
in addition to the vibrational and rotational motion there is a translational

motion of the molecule as well. This 1s called selfsdiffusion and occurs down

to about -40°C, From xe-ray and density data on camphene one would predict
self-diffusion sets in at about =-20°C., This should be easily detected from
the line width measurements on the NMR_spectra. There has not been any refer-

ence to NMR investigations of camphene in the literature.

Cyclohexanol is an. interesting solid in that it exists in three

solid states. The phase transformations have been thoroughly studied and

described as follows:16
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Phase I, the plastic crystalline phase, is stable from the melting
point (25°C) down to -8°C. However, if it 'is éooled fast enough,
phase I can be supercooled down to liquid nitrogen temperatures.

If it is cooled more slowly it will undergo a transition to phase
IT between -55°C gnd -70°C., Phase II is ﬁetastable and transforms
back to phase I at -28°C. Phase III is the stable low temperature
modification and can be obtained from either phase I or II provided
there are some phase III nuclei present. Phase III transforms back

to I at -8°C,

There is no difference between phases II and III as determined from dielectric
constant measurements other than the temperature at which the transformation
to phase I occurs. If the intra- and intermolecular motion of the molecules
can be determined from the NMR measurements as a function of temperature the
difference between the transitions to these two low temperature states should

be apparent.

There are two references to previous work on the NMR spectra of
cyclohexanol. The firsel? using wide line apparatus is confusing because
more than one phase was present while the measurements were made. Further-
more, it appears that it was not known exactly which phases were present. A

18 using high resolution apparatus, reports only the temperature

later study,
variation of the spectra in phase I down to -9°C. Their only conclusion was

that self diffusion must occur in phase I.
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The spectra of both camphene and cyclohexanol show three well resolved
peaks in the plastic state just below the melting poiﬁt. This is ﬁéfﬁ advan-

tageous in determining the ‘exact nature of the motion of the molecule, i.e.,

as the temperature is lowered the rotational motion of the molecule will probably

be more hindered and tend to be directed more and more in a given direction.

RESULTS AND DISCUSSION

The present results seem to indicate that the A-60A spectrometer is
not ideally suited for investigations of plastic solids. The exact cause of
the difficulties is not understood; however, in the course of the investigation
experimental techniques were improved allowing measurements to be made which
were not possible in the initial stages of the program. The most frustrating
and, as yet, unexplainable finding was that the signal for both cyclohexane and
cyclohexanol disappears as the temperature decreases. In both cases the dis-
appearance occurs at temperatures well above the sclid-solid transformation
‘temperature. One possible explanation could be the folléwing. The samples are
cooled by a stream of dry nitrogen gas which is cooled'by circulating through a
liquid nitrogen bath and later heated by an electric heater in the NMR probe.
If the heating is not constant, i.e., the heater goes oﬁ and off, there exists
the possibility of having cold blasts of nitrogen imposed on the sample tube.
This cold blast could cause the sample to be cooled to a point where it would
begin to transform to the lower solid state. The needle on the temperature
controller does oscillate.to some degree indicating that the temperature is
fluctuating somewhat. The people at Varian do not feel that such blasts

do occur. When the heat exchanger between the nitrogen gas and the liquid
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nitrogen was replaced by a less efficient model, it was possible to go lower in
temperaturé beforeﬂﬁﬁé—éiénél diséppeared. This is consistent with the cold
blast theory. Furthermore, - the needle fluctuation was not as- pronounced with

the less efficient exchanger.

Changes in temperature also effect the geometry of the instrument
and in turn the magnetic field. To compensate for this, a methanol standard
was inserted into the probe at each temperature and the instrument was tuned.
In doing so, the sample under investigation has an opportunity to collect
moisture on its tube. This condensate must be avoided and every effort was

made to do so.

The line width of cyeclohexane at -30°C, as determined in the present
investigation, is the same as that reported in the literature, 0.47 gauss.
This is the only check point we have at this time since ~30°C is the lowest
temperature at which a signal has been recorded for cyclohexane in this study
and ‘the highest temperature at which a reliable value can be determined from
the literature. It should be pointed out that the values at -10°C agree as ,

best as can be determined,

Figure | shows a portion of the absorption curve for cyclohexane at
about -20°C. The narrow peak is characteristic of a liquid. The broad line
is characteristic of a solid (a normal solid, nonplastic, would have a much
broader line than this), The origin of the superposition of the two lines

is not known. There is no mention of the occurrence of this phenomenum for
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cyclohexane in the literature. This is undoubtedly due to the fact that the
wide line spectrometefs'woﬁld not respond to such a narrow peék. ‘The super-
position occurred 'down to-the temperature where the signal disappeared and

the relative amplitude of the narrow and broad portions of the curve remained

about equal.
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It was anticipated that the emphasis of this study would be on

cyclqhéxanol because of its unusual phase rélatioﬁships. Also éhe ﬁ;éaéition
temperatures were more accéssible than either cyclohexane or camphene. Once
again we were besieged by the. fact that the signal disappeared as the tempera-
ture was lowered. Figure 2 compares the spectra of cyclohexanol at three
temperatures, +33°, +25° and +12°C. (The sample melts at 25°C.) The spectra
are similar to those reported in the literature. Actually the spectrum for
cyclohexanol shows three well separated peaks. The area under the peaks is in

the ratic of 1:1:10 as would be expected, Only the largest peak is shown in

Figure 2,

If one compares the thermal variation of the peaks of cyclohexane
and cyclchexanol there is one obvious difference. The width of the cyclo-
hexanol peak remains essentially constant as the temperature is lowered and
there is no evidence af any superposition on a broad peak. The width of the

line is an indication of the motional behavior of the molecule. Since the

width does not change, the assumption is that the motion of the molecule in
the solid state is very similar to that in the liquid state. This reasoning
is consistent with the results from dielectric constant measurements. An
examination of the smaller two peaks in the spectrum reveals that the OH
peak does broaden out as the temperature decreases. It also shifts to a

lower field. There is no shift in the other two peaks.

If the cold blast theory is valid, the resulting phase transformation Yy
& .

would account for the loss of signal, However, the phase transformation is
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unlikely because cyclohexanol is easily supercooled. The line width at +8°C

-

éggreéé—féﬁafébiy with the value estimated from the literature.
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Camphene behaved as would be predicted from x-ray and density

- measurements., Figure 3 shows the spectra at--six-temperatures. Although the . .
amplitude of the peak did decrease with temperature the areas under the curve
remained about the same., The broadening of the line is probably due to a
hindering of the self diffusion process which was mentioned previougly: Un-
fortunately, there is no data below -12°C, The limited data on line width

are shown in Figure 4. There is a slight indication that the curve will

become more horizontal at temperatures lower than -12°, 1If so, it may be

true that the self diffusion sets in at about -20°C.

Unfortunately, the material described here as camphene is not pure
camphene, as determined by integrating the NMR spectrum and also a gas chromato-
graphic analysis, A sample of the material used in the x-ray, density and

r

dielectric measurements was obtained and it has the same impurities so a com-

parison 1is legitimate.

} The line widths were calculated by using the microcomparator to
read the coordinates of the spectra which were on photographic negatives.
The derivative of the lines were then computed. It was found that in the case

of the well behaved curves for camphene the line width could be estimated

directly from the curve.
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FUTURE WORK

One would have to conclude that the A-60A is not very well suited

as a general tool to examigé the motion#i behavior §f the molecuiés in plastic N
solids. There are, however, certain specific problems that can be investigated.
The superposition of the two peaks in the cyclohexane spectra, which commence

at the melting point, may merit further investigation. Certainly an investiga-

tion of a pure sample of camphene would be of interest. The hindering of

molecular motion by impurities is a study all in itself.

Although the high resolution NMR spectra are useful in investigating
the molecular motion in plastic solids, it appears necessary that a dual purpose
spectrometer (both high resolution and wide line) is required for a complete
analysis. This would be especially true when the system is expanded to molecular

motion of groups or segments on a polymer chain.
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