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Abstract

Historically the Investigation reported in this thesis
was initiated as a study of the relation hetween the infra-
red spectra and structure of cellulose. It was soon found,
however, that the large backlog of information about the
infrared gpectra of related oomusAnds which would naturally
he required in the study of such a complex substance was
aluost entirely missing. Consecuently the material pre-
sented in %this thesis consists principally of z study of
the infrared spectra of simnler related convounds. The
region of the soectrum which we have discussed is thst
from 7.6 to about 13um.

The compounds which we have studied azre either pyranoid
carbohydrates or nossess one or mofe of the following struc-
tural featurss in common with them: (1) many hydroxyl
groups, (2) an oxygen-containing six-membered ring, (3) many
hydroxyl groups attached to a six-membered ring. The infrae
red spectrs of these coumvpounds have been discussed on the
basis of the tentative assunmption that each atom nmay be
asgigned & fixed fractlonal charge and that the Iinfrared
activity of vibrations may be estimated roughly by consi-

dering their form

w
-

The glvkitols (polyhydirie acyelic alcohols), tetrahy-
dropyran and p-dioxane, und some eyclitols (poiyvhydriec

2:1lic alcohols) are discussed in Part II. By application
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of the assunmptions mentioned above failrly complete vibra-
tional assiguments are made for the spectral region 7 to 12.@M
for ethylene glyeol, tetrahydropyran and p-dioxane, Ethyl-
ene glyeol is shown to have a staggered 02 structure rather
than the flat Cop trans structure, and new spectroscopic
arguments, based on the above assumptionsg, are advanced
against the flat DZh and the sz baat structures for p-diox-
ane and the corresponding structures for tetrshydropyran.

The prinecipal absorption bands of the cyclitols be-
tween 8 and 1l3u are accounted for in terms of skeletal
stretehing vibraticns only, and it is inferred that this
holds true for the sugars also. Seyllitol, the all-trans
eyclohexanshexol, ig shown to have its hydroxyls in equa-
torial rather than polar positions.

In Part III the sugars are dis?ussed, and it is shown
that thelr structures are probably based on a sonewhat
strained chailr-type pyranose ring. A correlation has been
observed hetween the intensity distribution in the infrared
spectra of the monosaccharides and'the number of polar hy-
droxyls, assuming the hydroxymethyl group to be in an
equatorial position. This correlation is quite good for the
glucose oligosaccharides, but is not very useful for mixed
oligosaccharides.

The infrared absorption spectra of animal cellulose,
cellophane, starch, and some cellulose derivatives are

presented in Part IV.
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Part I. Introduction

The originsl purpose of the investigation reported
in this thesis was to study the relation between the infra-
red spectra and structure of cellulose and its derivatives.
Although these¢ substance:s do ﬁoﬁ have exceptionally complex
sﬁegtra, thelr structures are exceedingly complex and are
not well understood so that in order to establish any sort
of relation between the two 1t is desirable to have avall-
able the spectra, interpreted where possible, of a large
number of simoler compounds which have structural fea-
tures in common with cellulose. Very few such spectra
are at present aVaiiable in the open litersture. The
features which we regard to be pertinent are (1) the
presence of many hydroxyl groups, (2) the oxygen-contain-
"ing ring -and (3) the presence of mﬁhy hydroxyl groups attach-
ed to a ring. 41l these structural features are found to
glve rise to strong absorption in the region 8§ Lo 10k,
whieh in hydrocarbons is usually relatively transparent,
but in the carbohydrates is characteristically opague.

The pyranose sugars show all these features and
exist in @ variety of fomus, but thelr structures are not
well understood and the infrared spectra of many of them
are apprecisbly more complex than that of cellulose. We

have consequently extended our investigation to simpler



compounds: namely the glykitols¥*, tetrahydropyran, p-
dioxane and the cyclitols#*, The structures of the glyki-
tols are even more uncertain than those of the sugars, but
we have felt it to be important that the spectra of several
of these compounds be available for comparison in order to
deternine whether there are any fundamental differences
between the infrared spectra of the cyclic and acyelic
polyols. The eyclitols are of particular interest because
of their close sﬁruetural relationship to the sugars and
because the relatively grest symmetry of scyllitol offers
some promise for the specific assignment of bands.

The carbohydrates in general cannot at present be
conveniently handled by normal coordinate treatments because
of the size and lack of symmetry of their molecules. Fur-
thermore the shapes of band enveloﬁés cannot be used in
making assignments since they cannot be examined in the
gaseous state., We have thercfore ilnvestigated the possi-
bility of using intensities as an aid in making assignments,
and have made fairly complete vibrational assignments for
ethylene glycol, tetrahydropyran and p-dioxane largely on
the basis of the consideration of intensities in terms of
the motions of formal charges. We feel that thils approach

shows considerable promise in the treatment of the spectra

%Polyhydrie, acyclic alcohols. (The earbohydrateé nomen-
clature of Pigman and Goepp (1) will be used throughout this
thesis,

##pPolyhydric, cyclic alcohols.



of compounds whicli cannot readily be treated by the usual
methods and indeed would be a desirable supplement to
normal coordinate treatments of simpler molecules.

While our work has not yet led to the sgpecific assign-
ment of bands in the cellulose spectrum, we have been able
to make gualitative assignments for the strongly absorb-
ing spectral region from 8 to 10 and have accumulated a
large quantity oi supplementary data about related come-
pounds wiich should e very neipful in subssquent work on
the infrared spectra of cellulose and its derivatives.

Investigations which are primarily concerned with
the accunulation of data and empirical relationships rather
than with theoretical interpretations are currently bheing
carried out on sugars and thelr derivatives by Dr. Lester
Kuhn (2) at the Ballisties Research”Laboratories, Aberdeen
Proving Ground, Maryland and on polysaccharides and taeir
derivatives by Dr. John Rowen and co-workers at ths Natione
al Bureau of Standards, Washington, D, C.. |

The spectral reglon beyond ahout @A is the most
structure sensitive part of the spectrum s0 that our work
nas been prinelipally concentrated in this region. Since
mineral 01l mulls were used Jor examining crystalline
solids, we have largely ignored the spectral region from
6.5 to 7.§M, in whieh mineral oll has strong absorption

bands (see Fig. 1).



Part II. ©Simpler Related Compounds

s Glykitols

is Bxperimental part

8+ The spectrophotometer

Spectra were taken by use of a Beckmsn IR-2 recorde
ing infr&reé spectrophotoneter® fitted with rock salt
“opbics. The instrument 1s fitted with a string drive
which ylelds an approximately linear wave lengith scale,
and provision ig made for continuously opening the slit by
driving the slii knob directly from the coarse adjustment
wave length knob, using a string belt. The ratio between
the diameters of the two knobs 1s such that by this simple
means spectra from about 1.8 to l@y can be recorded without
otherwise adjusting the slit. The reproducibiliity of
gspectras obtalned by this arrangam&ﬁt,is guite satisfactory.

The string drive consists essentially of a motor-
driven cone pulley on which the string is wound up, and a
system of pulleys and a weight to keep the string taut; it
is connected to the prism through a pulley which has been
substituted for the fine adjustment wave length knob. The
cone pulley has a diameter of 3/4-inch at one end and three
inches at the other, and has the e¢ffect of driving the wave

length knob faster at the longer wave lengths., The speed

¥Manufactured by National Technical Laboratories,
South Pasadens, California.



of the recorder chart is of eouise cénstant, s0 that the
overall effect is to compress the scale of the long wave
length region relative to that of the short wave length

region and to give the roughly linear wave length scale

shown in Fig. 1.

Provision has been made for flushing the speatroyhe;
tometer out with high purity dry nitrogen (Linde air Pro-
ducts) in order to reduce the absorption of water vapor
and carbon dioxides ihe monochromator s:ction is flushed
continuously at a rate of about eight liters per hour,
whieh 1s sufficient to maintain a minute positive pressure
inside the monochromator., %The 27-centimeter eell in the
source sectvion and the ligquid cell coupartment are f{lushed
out immediately before each run. JThe effectiveness of this
treatment can be seen from the Weakﬁess of the uwsual water
and carbon dioxide bands in the curve in Fig. 1.

The rock salt window on the 27-centimeter cell has
been removed, for two reasons: (1) to permit us to flush
the cell out with dry nitrogen, and (2) to prevent condensa-
tion on the window of distillate from the glower, Before
éhis window was removed a prominent ”ghost"_absarption
band had been observed in the background traéings at about
7,§M, as well as a very weak ®ghost" at about 3.4u.
| The tank nitrogen which we uée is sufficiently dry
that a drying train consisting of ninevitwelve ineh by one

ineh tubes of deslecant in serles, three cach of



potassium hydroxide, magnesium perchlorate and phos-
phorus'pentoxide, does not affect its effectiveness
in reducing the water sbsorption in our backsround
curves. A noticeable effect is obtained, however, if
the nitrogen is passed through a train of three tubes

packed with silica gel and immersed in liquid air.

be Methods and results

The spectra of liguid ethylene glveol and gly-
cerol before and after exchange with DZG are shown
in Flg. 2 for the spectral region 6.5 to 1y, and the
spectra of crystalline erythritol, D-arabitol, ribitol
(adonitol), D-mannitol, D-glucitol (sorbitol) and galac-
titol (duleitol) are shown in Fig., 3 for the spectral
region 7.6 to l@yi' E

The freguencies in cm."l of the infrared bands of
the above substances as shown in Flgs. 2 and 3 are
given below with approximate relative intensities
in parentheses (the strongest band in éach spectrum

is assigned an intensity of 10):



Ethylene glycol 564 (73 866 (6), 1045 (10), 1089 (10),
06 (1), 1256 (0), 1335 (2), 1421 (4), 1451 (4.

“th*icne g vrul (ueutnrdtea) 796 (1), 861 (5), 880 (6),
983 (6), 1035 8), 1089 \1u§, 1212 (7), 1335 (0), 1368 3,
1391 (2}, 1414 (25, 1454

Glycerol 853 (3), 87u (3), 926 (4), 999 853, 1049 (10),
1116 (8), 1223 (3), 1348 (4), 1429 (5, 1400 (5

ulfcerol (deuterated)® 849 (4), 925 (&), 1uog (8),
1053 5 0), 1121 (7), 1236 (2), 1337 (2), 1372 (3),
1395 (3), 1416 (3), 1460 (5).

Erythritol 698 (2), 724 (3), 267 (3s), 886 (6), 919 (1)
357 (7), 1056 (9, 1083 (10), 1218 (3), 1256 (5),
1272 (28), 1306 (1).

D-arabitol 726 (3), 782 (2), 853 (4), 866 (4),
876 (2s), 887 (Jp), 905 (4), 942 (5), 99 (w); 1025 (10),
2052 Elo 1067 (0s), 1085 (10), 1101 (0s), 1124 (Us),
1140 (2), 1211 (2), 1“33 (), 1257 21), 1314 (3).
Ribitol 749 (33 57 (55, 290 6), 915 (4), 950 (1),
1034 (10), 1077 (10), 1101 (55, 1119 sy, 1211 (09,
1267 (1). '
D-Mannitol 707 (3), 789 (2), 866 (3), 885 (3),
933 (4), 962 (1), 1024 (10 ), 1048 (3), 1087 (10),
1213 Elg, 1235 (0s), 1250 (0s), 1263 (2), 1285 (3),
» 13@:‘:1— °

u-Glucitol 726 (3), 774 (1), 872 (6), ©87 (5),
937 (3), 999 (9), 1015 (&), 1052 (9), 1076 (4s),
1094 E 0), 1114 (3s), 1136 (2), 1185 (1), 1208 (1),
1230 (1), 1253 (2).

Galaetitol 716 (4), 862 (&), 7@5 (0s), 926 (8),
958 (0s), 999 (3), 1029 (10), 1947 (10) 1078 (19),
1588 €£? , 11007 (5), 1116 (8), 1205 (i, 1259 (1),
1287 (1).

¥ubn (2) has examined erythritol, D-mannitol,
D-glucitol and galactitol, but his resclution is not as
good as ours, and nis erythritol and mannitol were exam-
ined in the form of evaporated films rather than as mulls.
In general the zgreement is fairly good excent for the
D-glucitol spectrum below 990 cm."l; Kuhn shows a band at

: ; -1
about 8597 cn. which we do not find, and the intensities

#*Pogitions and intensities not very accurste due to
thickness of sample and dif'useness of hands.



of the 872 and 887 oms “bands are reversed. The agree~
ment for D-mannitol is not very good, but in view of the
difference in the nature of the samples this is not sur-
prising.

‘ Bpectra of ethylene glycol and glycerol wers ob-
tained by examining a drop pressed between two silver
chloride platess Crystalline solids were examined in the
form of & mull in mineral oll; about 25 mg. of crystals of
the substance to be examined were placed in a mullite mor-
tar tagéther with a drop of nmineral oil, and the mixture
was ground to a thin paste. This paste was then smeared as
evenly as possible on a silver chloride plate. In genersl
each crystalline sample was examined in several thick-
nesses although only one curve for each 1s shown in the
figures. A reproduction of & tracing obtained with mineral
oil alone is shown in Flg. 1.

The "deuterated® ethylene glycol and glycerol were
prepared by adding several drops of 99.4% DEO to a drop of
the azleohol znd removing the DQO by heating one and one-
half hours at each of 100° and 80°C, (ethylene glycol) or
one and one-half hours at 100° and thres hours at 150°C.
(glycerol). Farlier investigators (3) (4) have shown that
the exchange reaches equilibrium very ranidly, probably
in less than one minute,and that the ratio of the propor-

tion of D to H in the glykltols to that in water 1is

slightly larger than one,



2, Discussion

Qur purpose in‘examining the glykitols is twofold:
{1) to obtain data whiech will 4ssist us in determiniﬁg
wirether the ring makes any unique contribution to the
spectra of cellulose and the pyranose sugars, and (2) to
locate the spectral region in which 0H bendings.oecur, We
shall discuss the spectrum of ethylene glycol in relative~
1y great detail because both the spectrum and strucﬁure of
tils compound are relatively simple so that we may expect
to have a better chance of relating the two than we would
with the other glykitols.

a, Ifthylene glycol

The oxygen-carbon skeleton of ethylene glycol has the
symmetry Czh, sz .
are trans, c¢ig or in between, respectively. The problen

or 62 according to whether the oxygens

of the actual structure is somewhat complicatad by the pos-
sipility of intra-moleculsar bydrogen bonding so that it is
not comparable with the 1,2-dihalogen ethanes, for which
Hassel (5) has concluded from‘electrnn diffraction data
that the trans form is the e@ﬂilibrium form, with oscilla-
tion about this position. ©Sumyth and Walls (6) have shown
that the dipole moment of ethylene glycol is close to that
predicted on the assusmption of free rotation around the

C-C and C-0 honds, but such a model can hardly be taken

geriously since the interactions can scarcely be less than
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in the 1,2-dihalogen ethanss. I the C-H and -0 bond
woments are assumed to he 0.4 and 0.8 debye, respectively,
(see Pauling (7), p. 68) the C_ model in which the two 0-C-C
P oo
olanes make an angle or 60° with each other glves s moment
of 1.90 debves without consideringbthe hydroxyls; there are
nunerous rossible nositions of the hydroxyl nydrogens whieh
would bring this moment within the range of the renorted
values, 2.0 (6) and 2.2 (8) debyes, since the contribution
of a given OH can be anywhere ifrvom -0.26 to + 0.75 desbye,
depending on its orientation, if the OH moment is taken to
be 1.5 debye and the C-0-H angle is taken to be 100°, for

exanple. A& larger C=-0-i angle would permit a still larger

range in the possible contributlon of eaeh hydroxyl group.

£
o

Ine most probable structures are based on the trans form
and on the C2 wodel described abcvé, gince they correspond
to the so—cailed staggered form of ethane., The CQ mnodel
seems preferable bscause the measured dipole moment would
require an excessively large amplitude of osgeillation about
the equilibrium position in order to be in agreement with
the trans fora.

In discussing the possible vibrations of ethylene
gzlyeol we shall start by ignoring possible interactions
between skeletal vibrations and hydrogen vibrations and
shall use the conventions about methylene vibrations dis-
cussed under tetrahyvdropyran and p-dioxane, 0 the 3n-6,

or 24, possible vibrations there would, then, be three each
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of skeletal stretchings and bendings, four C«H stretchings,

two sach of methylene scissors, rocking, wagging and twist~

ing and two each of O-H stretching, bending and torsion.

Only thirteen of ﬁnese
in the spectral region
interested, namely the
ings and the methylene
nussen (9) or Backett,

symmetry classes and ac

may be expected to have freguenciles
700 - 1500 cm."l, in which we are
skeletal stretenings, the 0-H bendw
vibrations (see for example, Ras-
R

Pitzer and Spitzer (10)). The

tivities of these latter vibrations

for the C'g}1 and CZ forms are shown in Table 1.

Table 1

Symmetry Classes And Activities of Some Ethylane

Glyeol Vibrations for C

Tyoe of
Yibration

Skelstal stretching

0-H bending

CHQ seissors

CH, rocking

2

GHQ wagging

oK.

twisting

and 02 sodels¥®

2n

GZh 02*#
zﬁg(a), Bu(I) 2A, B

a,(1), B (I) Ay B

Ag(ﬁ), B,(I) A, B

Bg(R), 4,(I) B, A
AR5 By (D) a B

B,(R), ay(D) B, A

Although the actual symmetry of the ethylene glycol

molecule, even with the oxygens in the trans position,

¥For Selection TULes see Herzberg (Ll), Pos 252-253
##411 vibrations are permitted to be active in both

the Raman and infrared.
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is probabl? not greater than 02,-the activities of all ex-
cept the 0-H vibrations are probably given to a fair degree
of approximation by Table 1. 7Thus, if the oxygens are in
the trans position we might reasonably expect to find six,
or at most seven, infrared bands with any intensity. The
twisting bend would probably be guite wéak, also, so that
there would be only five or six baﬁds» Yurthermore, we
would expect that few, 1f any, vibrations would show appre-
ciable activity in both the Raman and infrared.

The above predictions may be compared with the infra-
red spectrum of ethylene glycol as shown in Fig. 2, and

the following Raman shifts in em, "t

, a8 gilven by Ansntha-
krishnan (12) (polarizations are also given, and relative
intensities are included in parentheses): 865(8)P,
900(1)D, 1035(2b)Y, 1060(2b)D?, 10%(4)?, 1227(%b),
1260(3b)D, 1450(8b)D. OF the eight Raman shifts given
above five are within ten cm.™  of an infrared band.

in view of this faect, it seems highly unlikely thatAthe
oxvgens of ethylene glycol are in the trans position, par-
ticularly since some of the coincidences involve moderate-
1y intense aetivitylin both the Raman and infrared. Anan-
thakrishnan takes the presence of depolarized lines in the
Raman spectrum as proof that the heavy atoms have a planar
configuration, on the basie that the molecule must have

syasetry in order for depolarized lines to appear, and that
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no symmetry can exist unless the heavy atoms are in a

plane. Actually, of course, a symameirical vibration éan
show as much depolarization as an Uﬂsymﬁetrical line (see,
for example, Herzberz (11), pp. 270-271) so that the
classification of a line as depolarized does not necessarily
mean that it arises from an unsymmetrical vibration. A4lso,
as pointed out above, the molecule can have symmetry 02
even when the heavy atoms are not in a plane.

Both the number oi coincidences between Raman and
infrared lines and thne dipole monent appear to eliminste
the trans form of ethylene glycol, so that we shall assume
the C2 form in waking assignments and shall identify the
vibrations by thelr type and C, class as shown in Table 1.

The most obvious assignments are 1451 (I) and 1450 (R)
to the two scissors vibrations, since these vibrations in
general show a remarkably constant frequency in a wide
variety of compounds (see Rasmussen (9)); the principal
intensity in the infrared probably arises from the B,
and that in the Raman from the A vibration. The two
strongest infrared bands, at 1089 and 1045 eyt DIO-
bably arise from C-0 vibrations, since the C~0 bond is
by far the most polar in the molecule, and vibrations in-
volving it may therefore expect to show the greatest
change in moment. In view of the presence of a strong po-

L ke -1 _ -1 . .
larized Raman line at 1090 cm. the 1089 cm. L infrared
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band should be attributed to an A skeletal stretching vi-
bration, and the 1045 cm;wl band, together with the 1035 ﬁm“l |
Haman shif't, to the B skeletal stretching vibration. The
strongest Raman shift, at 868 cm,°1, and the 864 cm.”l infra-
red band probably arise from the other A skeletzl stretch-
ing vibration, which is probably chiefly a C-C vibration.

& comparison of the infrared spectrum of ethyvlene
glycol with that of the "deuterated" form shiows that one of
the 0H bending bands, probably the B band, is almost
certainly that at 1421 cm.“l. The absorption decreases ma-
terially in this regibn when B is replaced with D, and the
strong new band which appears in the spectrum of the "deu~
terated® form is displaced from 1421 em.'l by appraximatély
the sguare root of two. Identification of the 4 band is
not so obvious, but we shall select-the one at 1335 eme ™t
because 1t fits in best with the assigaments of the methylene
bands.

Ihe rest of the bands may be assigned as follows:

886 (1) and 900 (R), B rockingy 1060 (R), A rocking;
1206 (I), B wagging; 1227 (R), A twisting; and 1256 (I)
‘and 1260 (R), A wagging. '

No satisfactory assignment of bands can be nmade on the
basis of tﬁe tréns structure, even without considering the
‘Raman épectrum;Ain particular any such assignment would
have to be accompanied by a rather labored explanation of

the intensity of one of the two very strong infrared bands.



15

The next guestlon is whether a consideration of the
infrared intensities of the symm@t#ieal and ungynmetriecal
C-0 stretching bands in terms of the motion of forual
charges willl lead to results in agreement with the conclu~
sioﬂs we have drawn already about the structure of ethylene
glyveol. This cuestion is an important one because we
shall be using thils type of appreacs o ald ug in our dise~ .
cussion of lavger molecules later on.

We shall regard each atom as carvying a fixed frac-
tional chsrge, or formal charge, the magnitude of which

Y

depends on the slectronegativity differences bhetween the

in

atom and its ligands. We shall then attempt to estimate
the order of magnitude of intensities from a considera-
tion of the forms of the norual vihrations. Such an
approach cannot be used to caiculaiﬁ guanaitative intensi-
ties (1l2a), and in many instances may even give the
incorrect order of pagnitude when resonance ls possible
between structures of quite different charge distribution,
or waen strong interaction beltween the bord moments is
possible, as in water., In etnylene glycol the bond mo-
mente in which we are interested are separated by a C-C
bond, and chances for resonance are slight also so that
we expect that our orders oif mugnitude wiil be correct.
First we shall point out that in the symmetriesl vi~
bration any change in moment is along the z-axis (the

axis of symmetry, in accord with Herzberg's conventions (11)),
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whereas that of the unsymmetrical vibration is in the xy-
plane. Taking the amplitudes of the motions of the oxygens
in the two vibrstions to be equal, and normalizing them to
unity, the expressions for the magnitudes of the change in

mnoment are

M} - cos 20%cos B = 0.94 cos ¢

t

MB - sin 20° + cos 20%sin & = 0.34 + 0.94 sin ¢
where ¢ is half the angle between the two 0-C-C

planes, the 0-C~-C angle is assumed to be llO°, and the
motions of the oxygens are taken to be along the C-0 bonds.
It is apparent that for ¢ = 900, i. e. the trans form, the
c¢hange in moment is zero for the symmetrical wvibration, as
it should bhe, and that for § - O, the cis form, the sym-
metrical vibration shows an appreciably larger change in
moment than the unsymmetrical vibration. Furthermore, for
4 = 30°, the form which we have favored, the changes in
moment for the symmetrical and unsymmetrical vibrations
are respectively 0.81l5 and 0.81, which would lead one to
expect roughly eguivalent intensities for the two vibrations.

This result is not cited in support of the C, structure,

2
but In support of the treatment of intensities.

The reason for the change in the relative intensities
of the above two bands on Pdeuteration” is not clear. On
the basis of the above treatment one would say that ¢ is

smaller for the deuterated form than for the untreated
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form, but this sinply substitutes one aystery for another.
In any case 1t 1s evident that one should not attempt to
push our approximate treatment of intensities too far.

b. Higher glvkitols

Ihe outstanding feature of the spectra of the glyki-
tols as shown in Flgs. 2 and 3 is the concentration of all
the strongest bands in or within 0.1 or 0.2 of the spectral
region 9 to 1lOu. None of the glykitols we have examined
shows bands of wmore than very moderate intensity between 7.6
and &.94« There appoars to be no obvious correlation be-
tween theilr spectra and thelr detalled structure. For ex-
ample, one of the simplest spectra is shown by De-nannitol,
whiich ean sghow a maximum symuetry of 02, wheraag galactitol,
wirleh can have a center of symmetry, shows one of the most
complex spectra of the group. k

The configurations of the asymnetric cuarbons are
shown by the names of the glykitols. Thus the asymmetrice
carbons of D-glucitol (sorbitol) have the same relative
configurations ag the asymmetric carbons in D-glucose,
and 80 on.

The poorly resolved character of the bands of glycerol
after exchange with heavy water is rather amystiiying. Per-
haps & thinner sample would not have shown such a pronounced
effect, The spectrs shown in Fig. 2 do, however, indicate
the general spectral region occupled by O-H bendings, name-

1y 7”%#: so that we have not investigated further.
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B. Tetrahydropyran and p-Dioxane

1. Introduction

Qur major purpose in the present section i1s to iden-
tify the bands which arise from the stretching vibrations
of the tetrahydropyran ring, since this ring is a dis-
tinguishing feature of cellulose and of the pyranose sugars.
¥hile it is not expected that these bands will occur un-
shifted in cellulose and sugar spectra, thelr identifi-
cation may be expected to be of assistance in the discussion
of suech gpectra. In the cerbohydrates the hydrogens which
are attached to carhons afe pregominantly tertlary and
bands involving them may be expected to fall st somewhat
higher frequencles than C-C or C~Q stretenings (e. g. see
Rasmussen (9)), but in tetrshydropyrsn and p-dioxane some
of the hydrogen freguencies do lie fn this speectral regilon
and their consideration is conseguently essentlal to any
reasonable agsignment oif ring freguencies. We therefore
include a brief treatment of the methylene vibrations of
tetrahydropyran and p-dioxane.

In meking vibrational assignments for polyatomice
molecules it appears to be generally customary to dis-
regard intensities and to depend principally on normal
coordinate treatments of varying degrees ol complexity.

In this thesis we have placed considerable emphasls

on intensities, while at the same time taking into
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acecount the results of normal coordinate treatments by
others; Qur general procedure has been to start from the
results of a normal coordinate analysis of cyclchezaneAby
Lu, Beckett and Pitzer (to be published as reported in an
article by Beckett, Pitzer and Spitzer (10) and to extend
these results to tetrahydropyram and p-dioxane., We have at-
tempted to choose symmetry coordinates for cyclohexane which
are probabhly a reasonable approxisation of thé normal
coordinates and the ring vibrations have been regarded as

g first approximation to those in tetrahydropyran and p-
dioxane, while the approximate form of the nydrogen vibra-
tions has been estimated by considering the effect of
removing two or four hydrogens from cyvelohexane, Rough
relative intensities and activities were then estimated

and the most reasonable possible aé%ignments consistent
with this simplified picture were made. By this proce-
dure we have been able to account for the more intense
Raman shifts and infrared bands of tetranydropyran and p-
dioxane in such a way as to assign reasonable freguencies

to the ring stretching vibrations.

Tentative assignments have previously been made for
some of the Raman lines of tetrahydropyran and p-dioxane
by Kahovec and Kohlrausch (13), and Ramsay (14) has made
simple valence force calculations of the ring frequencies
of p-dioxane. The infrared spectrum of p~didxane has pre-

viously been published by McKinney, Leberknight and
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Warner (10) and by Ramsay (14), both of whom examined the
- vapor as well as the liguid.
The cyclohexane ring 1s shown in Fig. 4 with the
“atoms numbered and with the coordinates indicated whiech
will be used in our discussion of c¢yclohexane; tetrahydro-
nyran and p-dioxane. The oxygen in tezpahydrOpyran is
taken to be in the 1 position, and the oxygens in p-~dioxane
in the 1 snd 4 pcsitioné. The atoms are numbered in the
order in which they would appear in position 1 on suecces-
slve performances of the symmetry operation 56 in & elock~
wise direction, The coordinates were adopted for conven-
ience in comparing tetrahydropyran and »-dioxane with
¢velohexane although they are not consistent with Herz-
berg!s well-chosen conventions (11). In order to make use
of the tables in Herxzberg, the rea&br should permute cycli-
cally one Qiace to the right the coordinates used there
ifor CS and Gzh’ ihus Herzbergts qu becomes our Vyz?
qﬁz becomes A.,, ete,

We &ssume the chair-form ring throughout for all
three compounds. The evidence for the structure of
cyclohexane has been summarized by Ramsay and Sutherland (16),
and that For psdiokxane By Ramsay (14). We will discuss
briefly the spectroscogie'evidence for the structure of
tetrahyéro§yran and will nregent new spectroscepic argu-~
ments against the flat DZh and the sz boat structures
for p-dioxane,
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As elsewhere in this thesis we will be concerned in
our discussion only with the spectral region from about
6 to 1éﬂ so that carbon-hydrogen stretchings and ring bend-
ings will not be included.

2. Experimental part

The specitra of liquid eyelohexane, tetrahydropyran and
p-dioxane are shown in Fig. 5. The wave length scale was
not speeially calibrated for this investigation, but the
uncorrected values which we find for the positions of the
bands of cyclohexane and p~-dioxane are in general within
two or three wave numbers of those appearing in the litera-
ture, & list of the freguencies in cm.'l of the infrared
bands of tetrahydropyran and p-dioxane as shown in Fig, 5
follows, with relative intensities shown in parentheses:

tetrahydropyran €18 (3), 856 (4), 875 (8), 949 (3),
1912 26;, 1033 isg, 1050 gsg, 1097 glo), 1160 (2), 1202 (7),
1256 (3), 1272 (3), 1296 (3), 1348 (2), 1381 (4), 1451 (5).

 p-aloxane 875 (10), 890 (7), 1020 (0s), 1052 (5),

1986 E&g, 1122 510), 1256 (7), 1290 (5), 1321 (1),
1366 (4), 1453 (6).
. The strongest line in each spectrum 1s assigned an Inten-
sity of 10. Ramsay (14) assigned somewhat lower relative
intensities to the 875 and 1122 em.” ! p-dioxane bands,
probably baa;usa his samples were thicker than ours.

The cyclohexane was manufactured by'the 8hell Chem-
ical Company. It was examined in a 0.1 mm. liquid absorp-
tion cell., The excellent agreement with previously publish-

ed spectra (17, 18) shows that its purity is satisfactory.



Ihe sample used by Carpenter and Halford (17) was a stand-
ard sample from the National Bureau of Standards, reported
to be 99.98 £ 0.024 pure.

ihe tetrahydropyran was du Pont's Elchem-596. Its
boiling point of 88°C., as quoted by du Pont, compares
favorably with that of £7.5-88,5°C, reported by Allen and
Hibbert (10) for the pure product which they prepared
for electric moment measurémants¢ The spectrun shown in
Fig. 2 was obtained by examining a drop of tetrahydropyran
pressed between two silver chloride plates; a curve wiich
was obtained by use of the 0.1 mm, liculd absorption cell
showed excessive absorption.

Iie p-dioxane was distilled over sodium but was not
fractionated., The agreement between our spectra and those
previously published (14) (15) is é%cellenﬁ* Ine M“tuick®
filn was obtained in the sume way as the tetrahydropyran
gample and the thin film was obtained by use of roek salt
plates. The silver chloride plates were not suitable for
the thin sample because their suffaces were not suffi-
ciently flat and retained too much 11quié§ the variatlon
in thickness in the thicker sample 1s noit important since
we are not concerned with absorption coefficients.

We regard the greatly ilncreasing inténsity of ab-:
sorption in the order e¢yclohexane, tetrahydropyran snd

p=dioxane as very significant.



23

3+ Plausible forms for the normal vibrstions
of e¢yvelohexans

ae Hethnd of setting up symmetry coordinates®

A complete knowledge of the potential funetion of a
molecule is necessary before the exact form of the normal
vibrations of a molecule, i. e+ 1ts normal coordinates,
ean be determined unless the syvmmetry of the molecule is
50 high that there is no more than one genuime vibration
in any given non~degenerate symmetry class or one pair of
genuine vibrations in any given degenerate symmetry class
(we are not going to consider triply degenerate vibrations).
An approximate discussion of intensities does not f@quire
such exact knowledge, however, and we shall endeavor to
set up symmetiry coordinates whiech satisfy the formal
requirements for normal coordinateskand which resemble
the normal coordinates within the limits of wvalidity of
certain assumptions which we shal} make, and which will be
discussed later. In the present section we shall outline
the formsl requirements for normal coordinates and the
method of setting up symmetry coordinates which satisiy
these requirements.

ihe normal coordinates of any molecule must be

mutually orthogonal and must have zero linear and angular

¥Zee Herzberg (11), Chapter ll.



momentum. Furthermore, if the molecule has symmetry,
each non-degenerate normal coordinate must be sither
symmetric or antisymmetric with respect to each element
of symmetry other than odd-fold axes andvsymmetric with re-
spect to the latter. If a pair of normal coordinates is
degenerate, they must satisfy certain transformation
equations, which, ineidentally, automatically ensure ortho-
gonallty.
The mathematical expressions of the recuirements
whlch can be conveniently so espressed are shown below.
The orthogonality relation between two normal vibra-

tions, k and / 3

0 70 -
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where m; 1s the mass of tie (th atom, §  1is the vee-

tor displacement of the (th atom in tue kth normal vi-
bration, m is the mass of each atom in the «th set¥*, and
j represents the jth atom in the set «. Equation (la) is
useful when the molecule has one or more sets of atons

of wore than one atom each,

*¥A set is a group of identical atoms which can be
generated by any one of them by performing the symmetry
operations permitted by the point group of the moleculs,
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The requirements of zero linear and angular momentum?
2 mv = 0 (2)
H=SmiFx¥% =0 (3)

i

where 7 1s the velocity of the (th atom at a given

it

P

phiase of the normal vibration under consideration and 7

is the vector dilstance of the i(th atom from the axis of ro-
tation. The relative velocities and displacements of the
atoms in a molecule are the same throughout z given normal
vibration, and the relation between displacement and veloeity
is the same for each aton in a glven norunal vibration, so
that the requirements of zero linear and angular momentum

can be expressed in the following more convenient form for

computation:

’Zm;f:.r=§m“jz,g =2 (4)
Emix§ = ZmErxE =0 ()
wherelfﬂis the relative magnitude of the displace-
ment of the (ih atom referred to the magnitude of the
digplacenent of some reference atom taken a&s unity.
The actual displacements are small so that the eguili-
briuam value of ¥ can he used,

Since the only molecules which we shall discuss and
which have degenerate vibrations belong to the point-group
DBd we shall give the transformation eguations specifi-
.¢ally for this voint-group. Although a palr of degenerate
vibrations must satisfy transformation equations for each

symmetry operation permitted by the point group of
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the molecule, these equations are not all independent

and it will be sufficient to gilve the transformation egua-

tions for the operation of highest symmetry, namely Sé*

It should be noted that for projections in the xy-plane

this operation is exuactly eguivalent to Cé and that for

z-ecomponents it 1s simply a reflection in the xy-plane,
The general transformation eguations for the perfor-

mance of the operation Sé on g palr of degenerate vibra-

tions § and § are:
7 = a cospB + -I;'.I}n,@ (6)

T o= ~asing + ks (7

where 37 and @ are the fransformed and untrans-
formed displacement vectors, respectively, of the (th
atom in a given set in the vibratidn § and gis M4,
g4 = 1or 2 (see Herzberg (11), pp. 94 £f.). <he angle f
can also be equal to w, buf thieg value leads to the non-
degenerate vibhration of class AZu‘ If, now, the opera-
tion ~By is performed on Zf we will have obtained the dis-

placement vectors of the (¢ # 1)th atom in & 3

a
/ v - o 4 i / -
g = [q,.x cos -a,-ysm%]r + E;,,IM% + ‘L',""VJ,} -d. k ()

where ¢, J and Kk are the usual unit vectors. 4&n
exactly analogous eguation will hold, of course, for b,
The general eguation which expresses the overall

process of obtaining the displacement vector of the (J+-l)th
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atom {rom that of the .(th atom is somewhat cumbersonme,
but fortunately it can be simplified considerably. If
f pairs‘of degenerate vibrations are permitied in a given
symmetry c¢lass the normal coordinates may be represcented by
linear combinations of § palrs of arbitrary symmetry coor-
dinates provided only that the symmetry coordinates are all
mutually orthogonal. e can therefore select first sym-
metry coordinates which can be ﬁetermimed easily, and then
construct more plausible approximations to the normal
coordinates, if necessary, by making linear combinations
of the original set.

In the case of the Xé ring of symmetry D3d two
pairs of degenerate vibrations ére permitted in esach of the
two degenerate symueiry classes Eg and Eu' For the Eg
vibrations it is convenient to let.’"a', and b be egual to
J and T respectively for one pair and -J and ¢ for the
other pair (note that no genuine vibration with only z
displacements is permitted). The second of these pairs
turns out to have angular momentum so that equation (5)
must be used to calculate z-components,

Of the E, vibrations one pair is permitted to have all

u
z displacements, so that convenient selections for a and
b, for the E, vibrations are J and T for one pair and Kk
and O for the other pair, The explicit eguations relating
7, to @ as simplified by these selections will not be

ziven since they lead simply to the vibrations given by
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Herzbarg for the nlane Xé ring.

The transformation equations for methylene vibra-
tions of cyclohexane are identical with those for a vibra-
tion involving only z-displacements, since, subject to
zssumptions described later, the wmotions of the methylene
grouns in any one vibration differ only in sense.

In constructing new symneiry coordinates from those
obtained as described abbve, combinations of the forus
Eo + S Sty s Sia = fas b -, are used pro-
vided §,, §u, §. and §, are norzalized to the same

value, i. €.

3
o
Sy
1
|
3
R
N
]
Q

(93

where a, represents the displacement of the (th atom
in one vibration and B, that in the’ standard vibration.
These forms for combinations are derived by straightior-
ward applicaﬁicn of the orthogonality condition, equation
(1). Combinations such as ¢, +§b are not considered be-
cause we shall iater speclfy that all vibrations shall be
either symmetrie or antisymmetric with respect to the
yz-plane, with %a" indicating the symmetric and "b" the
antisymnetric vibrations. '

Combinations involving n vibrations, §+§, + weee £, ,
can be treated analogously, though with considerably
more complex results. In general nt=n(n-)) coefficients

may be spscified arbitrarily, since the orthogonality
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requirement supplies Eé&-D egustions relating the coeffi-
cients. In the case of two vibrations we have specified
the coefficlients 1 and c.

ba R;né‘vibrations
In the present discussion cyclohexane will be treated

as though it were an Xé ring of symmetry D (chair-form),

34
and any possible coupling with hydrogen vibrations will be
ignored.

Bymmetry coordinates of a flat Xé ring have heen given
by Herzberg (11) {p. 93) and have been adopted by Ramsay and
Sutherland (16) for the ring vibrations of cyclohexane.
ie have adapted these to the puckered Xé ring as shown
in Fig. 6, and, with the exception of the Eg vibrations,
have zccepted them as plausible forms, although only the

and A vibrations are uniquely determined by symmetry.

. 1lu 2u
The radial-tangential set of Eg vibrations shown in Fig., 6
are obtalned by simply taking the vector sum and differ-
ence of those shown by Herzberg and by Hamsay and Suther-
land; we have selected these forms for reasons discussed
below under the assignnent of ring frequencies, The
assignments which are reported by Beckett, Pitzer and
Spitzer (10) for cyclo-hexane are shown in Figs, 6 and 7.

The projections cn the xy-plane of the displacements
in the Alg vibrations are required by symmetry to have

the same magnitude for all atoms, and to be directed ra-

dially and in the same sense for all atoms., OSymmetry also
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requires that the z-component o, the displacenents be
alternately positive and negative for alternate atoms, and
that 1t have the same magnitude for all atoms. It seeus
nlausible to assume that the two vibrations will be (1)

one which doss not change the share of the ring but alter-
nately expands and contracts it and (2) one which bends the
ring without appreciably changing the bond lengths. These
conditlions are satisiied il the dlsplacement vectors

of the stretching vibration make an anéle of 35°167 with
the xv-plane and if the displacement vectors of the bend-
ing vibration make an angle of 54044' with the xy-plane
(assuning tetrahedral bond angles).

Cyvclohexane, tetrahydropyran and p-dioxane have only
one c¢lement of symmetry in common, namely a plane of syme
metry., Since all tetrahydropyran and p=dloxane vibrations
must be symmetric or antigymmetric with respect to this
plane, it is necessary to follow Hamsay and Sutherland (16)
in choosing for discussion those pairs of degenerate vibra-
tions which meet this condition, so that they may be com—
parable., There is no loss of generality in doing this,

of course, since any possible degenerate vibration can be
decomposed into two such orthogonal vibrations, In Figs.

6 and 7 the letters (a) and (b) identify the symmetric and
antisymuetric components, respectively., The impbrtant fea-
tures of the degenerate vibrations. are, for our purposes,

not their exact forms, but (1) that the two ring freguencies
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of each degenerdte symmetry class are probably quite dif-
ferent so that we may speak of a stretching and & bending
vibration in each class, and (2) that each of the two
palrs of degenerate ring stretching vibrations consists of
one which involves principally stretching of the 1-2, 1-6,
4=3, and 4-5 bonds and one which involves principally
stretching of the 2-3 and 5~6 bonds. 1he latter type of
vibration will be expected to show little change when
o#ygem is substituted in the 1 and 4 positions, whereas
the former will be ezpected to show relatively great
effectss |

The forms selected for the Eg and Eu vibrations are of
course completely arbitrary, but the actual forms will, in
the absence of coupling with C-E vibrations, be linear
combinations of those shown. The ¥, vibrations resenble

u

“the Al vibrations in that the forms of the projection on

g

the xy-plane and of the z-component are completely deter-
mined by symwetry and the reguirement of zero linear mo-
mentum, but the way in which these are combined 1s arbitrary.
The Torms of the Eg vibrations were selected for reasons

deseribad later and the forus of the E, vibrations were

u
fixed by arbltrarily requiring that during the Eu(a)
stretehing vibration the 1, 2, 6~ and 3, 4, 5~ planes

should not change their orientation.
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¢« Hydrogen bending vibrations

It is custéﬁary in discussing the bending vibrations
of methylene hydrogens to speak of bending, rocking
wagging, and twisting vibrations®. Any such discussion
implies the assumptions (1) that there are only negligible
interactions between carbon-hydrogen bendings and carbon-
carbon sﬁfetchings, (2) that there are only negligible inter
actions between motions of a hydrogen parallel and perpendi-
cular to the plene defined by the three adjacent carbons
and (3) that the motions of the methylene hydrogens are
elther symmetrical or antisymmetrical with respect to
that plane, The motions of a pair of methylene hydro-
gens are termed bending, rocking, wagging or twisting
according to whether their motlions are perpendicular to
the C-C~C plane sand symmetrical with respect to that plane,
pervendlcular and antisymmetrical, parallél and syame-
trical, or papallel and antisymmetrical, respectively.
necently the more descriptive term "scissors® has come
into use for tne perpendicular, syammetrical motion and
will be adopted in this thesis.

The above assumptions and the symmetry of the mole-
cule are sufficient to determine the forus of the carbon-
nydrogen bending vibrations. The motions of the hydro-
_gens alone, as so determined, are shown in rig. 7. 1In

many of the ¥ibrations, of course, the ring is reguired

¥See 1or example N, ©, Rasmussen (9) and Heckett,
Pitzer and Spitzer (10)



33

to move also, in order to satisfy the requirements of
zero angular and linear momentum; the reader can readily
supply such motions.
| Lo The normal vibrations of tetranydropyran and
| p;diexane

as Plausible forams

#ing vibrations of the exact form of those shown in
Fig. 6 are not guite orthogonal for tetrahydropyran and
p~dioxane because of the changes in mass distribution,
hence independent of other considerations the ring vibra-
tions of the latter cannot be expected to be exactly like
thoseé of ecyclohexane, Furthermore the relatively greater
strength of the C-0 bonds as compared with the C-C bonds
will tend to cause the motions oif the carbons to be some-
what more nearly along or penpendicu&ar to the C-~0 bonds
than would otherwise be the case. A set of vibrations which
satlsly the orthogonality regulrements of n-dioxane or
tetrahydropyran can be drawn which is so closely similar to
that shown in Fig, 6 that it would be difficult to show
the differences in a figure. We shall assume that the
gifferences are actually small, and that fig. 6 can be
used as & basis for discussion since the exact forms of the
vibrations of tetrahydropyran and p-dioxane are not impor-
tant in the present consideration.

The forms of the hydrogen bending vibrations of p-

dioxane, as was the case with cyclohexane, are determined
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by tﬁe symmetry of the molecule and the assumptions des~
eribed under cyelohexane. +he motions of the hydrogens
&loﬁ% in the vibroations as so determined may be derived
from the cyclohexane vibrations shown in Filg. 7 by simply
removing the proper hy&rogens, The resulting vibrations
are ldentified throughout our discuséian by the designa-
tions of the e¢yclohexane vibrations, with the symmetry
class of the vibrations in p-dioxane included in paren-
theses, Lhe same notations is used for the ring vibra-
tions. <Yhe removal of two methylene groups introduces
some ambligulty into the notation since one member of each
degenerate pair of vibrations may be said to have merged
with a non-degenerate vibrationsas follows: Eg(a) rocking
or scissors with Alg rocking or scibsors, k,(a) rocking

or scissors with A rocking or scissors, Bg(b) wagging

24

or twisting with A, wagging or twisting, and Eu(b) wag-

2g

ging or twisting with &, wagging or twisting. ¥We shall

lua
arbitrarily adopt the non-degenerate designation.

The removal of one methylene group in going from
cyelohexane to tetrahydropyran must necessarily result
in a decrease of four in the number of methylene bending
vibrations, one of each type and two of each tetrahydro-
pyran symmetry class. ihis means either that four eyeclo-
hexane vibrations have no counterpart among the tetra-

hwydropyran vibrations, or that at least four of the
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tetrahydropyran vibrations are each related to more than
one cyclohexana vibration. This uncertainty in the forms
of the methylene vibrations will be discussed below under
intensities.

5. Freaquencies

- %e shall make no attempt to predict accurate frequen-

eies, but will discuss only the sign and order of magnitude
of the differences from the cyclohexane freguencies.

+he introduction of the stronger C-0 bonds in place
of C=C bonds may he ezpected to result in general increases
in the ring stretching fre&ueaeieé. The non-degenerate
ring streteching vibrations inveolve all the ring bonds egually
¢0 thaet the change in frequency should not be large, but of
the same sign, in going from cyclohexane to tetrahydro-
pyran to p-dioxane, On the other hand the degenerate vibra-
tions do not involve all the ring bonds to the same extent,
as pointed out earlier. One of each pair of degenerate
~stretching vibrations involves chiefly C~C bonds, in both
tetrahydropyran and p~dioxane, and should show little
change in frequency, whereas the other member of each pair
becomes a pure C«0 vibration in p-diozane and should show
a relatively large shift to higher frequenciles.

&n exhaustive discussion of pogsible shifts in the
hydrogen freguencies would be exceedingly complex, dbut
consideration of the spatlial relationships of the hydro-

gens indicates that the freguencies are likely to be quite



different in tetrahydropyran and p-dioxane. Without know-
ing guantitatively what the bond angles and lengths are

in tetrahydropyran, we can outline some jualitative trends
as compared with eyclohexane., Almost certainly the dis-
tances between the 2 and 6 carbons will be somewhat less
than in cyclohexane, the 2, 3 and 5, 6 bonds will not be
yarallel to each other, and the C-0~C plane will make a
somewhat larger angle with the 2, 3, 5, 6 plane than does
the 1, 2, 6 plane of cyclohexane, If we assume that any
changes in the H-C-H angles are negligible, the net result
is to bring the 2 and 6 polar hydrogens closer to each
other, possibly into van der Waals contact, but farther
from the 4 polar hydrogen, and to spread the 3 and 5 polar
hydrogans farther apart. The resultant effect on the separ-
ation of the equatorial hydrogens dépends on the relative
magnitudes of the above trends, but is probably quite
small because the z-component of the disgplacement of all
the eguatorial hydrogens has the same sign., A simple
tinker toy or Hirschfelder model will help the reader to
visualize the above changes. In our conéiderations we
have regarded the 2, 3, 5, 6-plane as maintaining a
cmnﬁtant.mriantation with respect to the z-axis and have
assumed that C-C > 1,51 A., Cu0 £ 1.44 A., / C-0-C £ 116°
and that all earbon valence angles are tetrahedral,

In p-dioxane, on the other hasnd, both the 2, 6 and
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gether, probably irto van der Waals contact. If Hassel
and Viervoll's nodel# (20) is used apvpreciable distor-
tion of the tetrahedral angles nust be assumed in order
to avoid overlapping of the ven der %Waals radii of the
wolar nydrogens, and in the nodel nroposed by EBnand#* (21()
thé polar hydrogens are almost, but not uuite, in van der
V¥aals contuct (assuming that the van der Wasals radius of
hydrogen is 1.2 4, (see Pauling (7), po. 189)).

It seems reasonable to expect that the intersctions
between hydrogens will be gresater for p-dioxane than for
tetrahydropyran, and in the absence of other eflfects many
of the hydrogen freyuencies of p-~dioxane would bs expected
to be higher than for tetrahydropyraﬁ; It seems unlikely
that all effects would cuancel out For more than one or
two vibrations at most, so that p~dioxane freguencies
should in general be different from correspcmdingrtetra~
hydropyran frequencies.

Ha ﬁough_estimated intensities of tetrahvaronyran
banés
All tetrahydropyran vibrations zre permitted by sym-

metry to be active in both the Raman and infrared spectrum.

/[ C=0=C = 108°
##0-C = 1,51 £ 0,0
C = 2

S

& = 5 £ 59, average ring angle = 110.5

(s}
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The intensities of the bands will vary widely, however,
and we shall indicste below the rather unsophisticated
asrguments which we have used to predict rough relative
intensities, 48 previously mentioned, vibrations are
identified by the designatlon of the cyclohexane vibra-
tion from which they may be regarded as derived; the |
symmetry class of the vibration in tetrahydropyran i$
a&ded in parentheses.

as Intensities of Raman lines

Both classical and guantum mechanical treatuents of
the molecular scattering of light (see Herzberg {(11),
Chapter IIT; also Wu (22) and Breit (23)) attribute this
phenomenon to the changing electric moment which is in-
duced in the molecule by the electric field of the inci-
dent beam. Under the usual experimental conditions#* for
detecting the Raman eflect the above interaetion may be
expressed in terms of a symmetric tensor called the po-
larizability tensor. Insofar as the components, «;

J)
of the polarizability tensor, X, may be regarded as

‘ #¥ihe inmportant conditions are (1) that the difference
between the frequency of the exeiting beam and of any
absorption band of the molecule be large, (2) that the
wave length of the incident beam bhe sufficiently large
that the electriec field may be regarded as the same

in all parts of the molecule, and (3) that the electric
iield throughout the molecule due to the incident bean

be large compared to that arising from other sources

{see the excellent discussion by Mathieu (24)).



linear functions of the normal coordinates, § , the
change in polarizability associsted with a given vibra-
tional transition, Fl, , is
= o« * '
By = (a,;z..x,y,z 5§)f5ﬁ £ dS A0}

where n and k repyresent the quantum numbers of the
initial and final states and the %% are the eigenfunce
‘tions of the unperturbed states n and k. The intensity

of the corresgponding Reman line is then

s¢nt (v + v,,,‘)4 2 (11)

I:= L 33 =], -

where Io iz the intensity and y the freguency of
the inecident beam and », 1s the freguency which corres-
ponds to the energy released in the transition. In the
harmonic osclillator approximation ﬁh& Integral in equation
(10} is the same for all the fundamentals so that the
intensity actually depends on the derived polarisability
t@nsgr, 455”1“5 «» dithout knowing the numerica
values of the components, «; , of the polarizabllity
tensor, or of their derivatives with respect to the
normal caordinateﬁ,«é *, we can nevertheless indicate by

use of well-known principles which derivatives will haves

“#The derivative we are Giscussing, «; , 18 ohe
coefficlent of the linear term of the expansion of «; as
a function of the normal coordinate § about the egulli-
brium configuration, e, or, briefly, o = (9«;/0¢)

B - 6 -~ 1 : J J e
(Hlerzberg (6), v« 244).
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non-zero values for a given vibration. It seems probable,
in any case, that the Alg(ﬁi) wbreathing® vibration, for
which o«x 4 %y and «, are all non-zero, will give riss
to the strongest Rauman line in the spectral region under
consideration. in the ahsence of further information
one might also expect that in general those vibrations
wiiieh are dsrived from Raman-active c¢yclohsxane vibra-
tions will give rise to the strongest Raman shifts,.

Two Raman shifte of reasonsble intensity, prohibited
in eyclohexane, may be sxupected to arise from ring stretch-
ing vibrations of tetrahydropyran. One arises from the
splitting of the Eg freguency, discussed above, and the
other from the fact that the polarizability is not the
same in opposite vhases of the Eu(a)(af) vibration. ‘he
remaining ring stretching vibrations would be inactive
at the lntensity level under discussion since not only
is th@'polarizability the same 1 opposite phases so that
the value at the equilibrium configzuration is an extremal
and the diagonal derivatives are zero, but the orienta-
tion of the polarizability ellipsoid is changed only
very 1little so that thé“éffwdiaganal derivatives ure
exceedingly small.

In svite of the uncertainty in the forms of the
methylene vibrations of tetrabydropyran mentionsd zhove
it seems vprobable that certain of the cyclohexsne vibra=-

tions, at leasxt, will have ressonably close counterparts
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among the tetrahydropyran vibrations, in particular the
eight &£ vibrations which involve only four methylene groups,
and the four a5 vibrations, which require all the methylene
groups to be vibrating in the same sense; “mong these the
four B vibrations will be expected to be active with fair
intens‘}:ty, with the possible exception of the Eg(b) (art) -
rocking vibration, which does not asppear in the cyelohexane
spectrum. +here is gsome question also as to whether the
degeneraie sclssors vibration will split, since its fre~
gueney aprears to denend mostly on the bending force
econstant of the individual methylene group, apd very little
on interactions ocutside the group.

0f the hydrogen bending vibrations in general we may
say that we expect no strong bands which are forbidden
for eyclohexane, 4if a Raman»activé>cyclohexana vibration
is combined with & Raman-inactive cyelohexsne vibration
to give the form of a tetrahydropyran vibration the re—
sulting band should be weaker than if it were related to
the Raman-active cyclohexane vibration alone,

by Intensities of infrared bands

fhe intensity of the infrared band corresvonding to
a givern vibration depends on the magnitude of the changes
in the electric moment of the molecule during the vibration.
In many caSes, particularly when resonance betveen struc-
tures of nearly equal energy but different charge disiri-

bution is not important, we may discuss the magnitude of
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these changes in terms of the motions of forawl charges.
Buch a discussion cammot account for the infrared activity
of carbon-~carbon stretchings, or methylene twistings,

but is probably a satisfactory approximation for the other
types of vibrations.

e infrared spectrum of tetrabhydropyran shows an
apnreciably greater difflerence from cyelohexane than does
the Haman spectrum presumably becsuse the introduction of
an oxygen atom in place of a Cﬁz group hasa a larger effect
on the charge distribution than on the polarizablliity.

Yot only does the hnighly electronegntive oxygen atom intro-
duce a Tormal negative charge in the 1 position, but the
opposing vositive charge lec probably to a large extent
passed on to the hydrogens so that the intensity of both
ring and hydrogen bands should be iﬁcrcas d over cyclo-
hexene, 1his ie in line with the experimental fact noted
earlier that the intensity of absorption increases
markedly in the order cyeclohexane, tetranydropyran, p-
dioxane.

ine negative charge on the oxvgen is probably suf-
ficiently large, and enocugh of the opposing positive charge
is probably passed on to the other end of the ring, so
that all vibrations which involve motion of the ocxygen
will have spvrreciable intensity in the infrared. “+hus
the very strong ﬂlg(a*) ring-streteching Raman line should

be accompanied by an infrared band of nmedium intensity,
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a8 should the other ring-stretching Ramern lines.

fhe Alu(ﬁ") stretching vibration, which is inactive
in cyclohexane, should be one of tiie strong band:s in the
infrared spectrum of tetrahydrounyran because the change in
moment due to the wmotion of the rest of the ring. 3oth s
stretehing freguencies should hbe very strong =iso, ior the
same reason. -As pointed out above, the two ﬂu frequencies
should be well separated because (a) (a') is essentially =z
carbon-carbon and (b)(A") a carbon-oxygen vibration.

ihus the tetrahydropyran ring may be expected to
contribute three infrared bands of moderate to strong
intensity, each of which appears also in the Raman spectrum,
a total of five new infrared bands as compared with cyclo-
nexane.

21 the hydrogen freguencies wé’would expact the

A, (4') and E_(b)(A%) rocking and scissors and the B, (a)(4')

zu(
wagging vibrations to give the strongest bands. <he acti-
vity of the other hydrogen bending bands will depend on

the relative amplitudes of the motions of the methivlene
groups and on the sxtent to which various cyclohexane vibra-
tions may be regarded to have interacted in glving the

forms of the tetrahydropyran vibrations. If the Eu(b)(ﬁﬂ)
wagging vibration interacts only a very little with other

AN wageging vibrations it may be expscted to give rise to

a fairly strong band; if, on the other hand, it has

Tinteracted® extensively its potential intensity will be



distributed among two or more bands. &s pointed out
earlier, we cannot predict the activity of twisting vibra-
tions on the basis of the motions of fractional formal
charges, but if any are active it would probably be those

which are most closely related to the & vibrations,

u
which are active in the cyclohexene spectrum. It seems
likely that the infrared activity of the twisting vibra-
tions arises from 2 departure from our assuaption three
under our discussion of the forms of hydrogen vibrations of
cyeloliexane,

6., HKough estimated intensities of u-dioxane bands

inere are no absolute selection rules in the 1iguid
state, but the vapor selection rules are ncvertheless
useful for discussing the =ore intense lines., Heither
eyelohexane nor p=dioxane show significant differences
between the vapor and liguid infrared spectra at the inten—
sity level which wlll be discussed here, 3ince we have
assumed the chalr structure for v-dioxane we expect there-
fore that no vibration will be zctive in both the Koman
and infrared spectira.

‘hree ring stretching and eight hydrogen bending vibra~
tions are permitted by symmetry to be asctive in the»ﬁaman
spectrum, <the A (A ) ring breathing vibration, as with
tetrahydropyran, Will be expected to yleld the strongest
shift, We might expect a2lso that the £ (‘3) (is y ring

stretehing band will be somewhat stronger than the
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corresponding tetrahydropyran band because the Intensity
of this band depends to some extent on the guantity

ey = %y 3 which should be twice as large for v-dioxane as for
tetrahydropyran. The Eg(b)(Bg) rocking and scissors and

the Agg(Bg) wagging vibrations are expected to give

w0

weaker bands than the A vibrations because the motion of
23

the ring tends to ofi'set that of the hydrogens in these

vibrations.

In the infrared spectrum, also, three ring stretching
and elight methylene bending vibrations are peramitted by
symmetry to be active., The introduction of a second
oxy¥gen will be expectad to accentuate the effects mentione-
el above Jor tetrshydropyran except, of course, for the
Gissymmetry of the lutter. KEach of the three ring stretch-l

ing vibrations will be expected to appesar with zood inten-

]

ity, with the two Eu frecuencies the strongest if the
effect which is responsible for the azctivity of thece
vibrations in cyclohexane is 1n the right direction. If
the activity of the cyclonexane vibrations arice rrom the

2
*

atiraction of the pogitively charged nuclei for the valence
electrons of adjoining carbons, for example, the effect
would he in the right direction.

Baech of the eight methylens hending vibrations except

the two wvistings 1s erspected to appear with falr intensity.

e Eu(b)(Au) rocking and scissors vibrations aight glve
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gome

1wt weaker bands than the others because the change
in moment is bhrought about by tioe motion of only four :
hydrogens as compared with eignt for the other vibrations
(not ineluding twistings, of course).

7. Assignment of bands

The assignments wilch we have made on the basils of
the highkly simnlified picture described above are suumar-
ized in Fig, 8. The reasons for these assignuents are
given briefly below. The specific assignment of mathylene
frequencies is not unique, particularly for tetrahydropyran
in view of the uncertainty of the forms of the vivrations
but the assignment of ring freguenciles seens reasonable so

that our major nurvose has been achieved.

In Fig, 8 we have arbitrarily relsted each methylene

bending band of tetrahydropyran to -only one cyclohexane
vibration, not so much to identify the tetrahydropyran
bands as the »-dloxsne bands.

e Ring bands

The first step in assigning ring freguencies was to
c@mbine the above intensity considerations with Ramsay's
approximate calculations (14) to make tentative assignments
for p-dioxane, The assignments for both p-dioxane and
'teﬁrrdﬁdrop. ran were then made in such a way as to be as
nearly as pogsible consistent with each other, with Lu,

Beckett and Pitzer's assigrnments for cyclohexane (10),
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and with our simplified picture described above.

+he results of Resmsay's calculations for the ring

stretehing frequencies of p-dioxane are as follows, in

et Alg(ﬁ ) 834, Eg(a)(&
g g z

Alﬁ(au) 1141, hu(h)(au) 927 and ﬁu(a)(gu) 982. Ine posi-

£

) 1111, Eg(b)(Bg) 1126,

HiEe]

tions of bands and Saman shifts which heve been found ex-
@@rimeﬁtally‘in_thiS spectral region are repeated below in
cm.~l together with ﬁh&ir intensities: Raman 835(10),
£52 (0), 1014(6), 1111(3) and 1125(3); infrared £75(10),
830(7), 1020(0s), 1052( '5), 1086(6) and 1122(10). We will
not consider the £52 and 1020 em.”t bands because of their
low intensity, and the 1052 em.—l band is not a ring
stretching band as shown by its parsllel character (4).
‘hus there are only four bands in the ring stretching
reglion remsining to be assigned in éach of the laman and
infrared spectrsa.

0f the four infrared bands one of the two higher fre-
guency bands is the &lu(ﬁu) stretching Trequency so that

the splitting of the Eu ring stretching bands is either

4
B9

o e -1 -
about 200 on. or only 15 cu.

55 cm,"t., ihe latter seeus excesslively low in view of

instead of the predicted

the difference in character of the two vibrations so that
the higher value 1s probably correct, One would expect

thie splitting of the ¥ shilfts to be at least of the same
&
n +] bo 9 b | A = l &
order of magnitude. If the 1014 and 1111 cm. shifts are
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assigned to the two hg ring stretching Irequencies the
splitting would be 97 cm."l, which seems consistent.

The asslgonment of the 1014 cm.‘l shif't to the ﬁg(a)(ﬂg)
vibration is sunported by its intensity. In the cyclo-

hexane spectrum the ﬁ“stretching shif't is second only to

g
the%&lg ring breathing shift in intensity and is the only
other intense Raman shift below 1250 cm.’lq e have assign-
ed the 1111 cm."l shift to the Eg(b)(Bg) vivration because
of tne general tendency of Ramsay's calculated frequencles
to be high*. The 234 em.~! shift is no doubt the Ay,
breathing vibration, in agreement with the assignuents of
Ramsay (4) and of Kahovec and Kohlrausch (3).

fhe intensity of the 875 and 1122 cm,”l infrared bands
is 50 great compared with the 1453 cm.”l scissors band
that they can probably be eliminated’as methylene bands¥#,
Ihe 875 ¢m.”t band is then the Eu(b)(ﬁu) ring stretching
band. Assignment of the 1122 em, ~+ fregquency is not as
straight-forward, but we favor the Eu(a)kﬁu) over the

ﬁlu(én) streteching vibration because 1t appears to it

*ihe ring stretching frecuencies calculated by Ramsay
and Sutherland (7) for the cyclohexane ring by the sanme
mathod which Ramsay used for dioxane are 4 to 6% higher than
those given by Beckett, Pitzer and Spitzer (2). ‘“he latter
were presumably obtained on the basis of & somewhat more
sophigticated treatment since nydrogen freguencies are also
included.

#*¥ihe scissors band is generally the most intense band
in the infrared spectra of hydrocarbons except for the
carbon-hydrogen stretching band. See, for example, the
Infrared Absorption 8Bpectrograms published by the american
Petroleun Institutels Hesearch Project i44.
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better with our assignments for the tetrahydropyran spec-
trum, which is discussed below. The Aiu(ﬁu) stretching
vibration would then be assigned the 1086 cm.*l freguency.

If the above ring assignments for p-dioxane are accep—
ted, the ring assignments for tetrahydropyran as shown in
Fig, & follow with little additional discussion. +he three
vibratlions which may presumably be derived from Ransn-
active ovelohexane and p-dioxane vibrations are assigned
the strongest bands in the ring stretehing region of the
Raman spectrum (813, 1007 and 1041 em.™t) and the two vibra-
tions which may presumably bé derived f{rom infrared-asctive
¢yelohexane vibrations are asaigned}the two strongest
bands in the infrared spectrum 875 and 1097 cm."l). In ac-
cordance with our expectations each of the Raman bands is
accompanied by an infrared band, anﬁ the sirongest infra-
red band 1s accompanied by & weak Raman band.

Independent of whether the p-dioxane assignments are
accepted or not, the 1012 and 1050 cm.”l bands are guite
positiéely identified by the presence of the assccliated
1007 and 1041 cm.“l Raman shifts so that only the 1033
and 1037 cm.“l infrared bands are left to be assigned to the
Alu(ﬁu) and Eu(a)(Bu} ring stretching vibrations. “he
appearance of a wesk Raman shift at 1090 cm.“l supports
our assignment of the 1097 cm.’l infrared freguency to the
latter vibration.

Ihe Raman 1041 em.”* and infrared 1050 cite”F bands

are more intense than expscted on the basis of our earlier
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discussion. }The 1041 em.~t Raman shift is charascterized

as "broad" by Kohlrausch so that it is probably complex
and some of its intensity may perhaps come from the firsg
overtone of the Azu(A’) ring bending vibration, from some
combination frequency, or from s methylene vibration

which we have assigned to a different freguency (e. g.

the Alg(ﬁ') methylene rocking vibration). The high infra-
red intensity as compared with that of the Eg(a)(ﬁi) vibra-
tion indicates that the actual “Eg" vibrations approach

the tangential form shown in Fig. 6 and obtained by adding
the ring stretching and bending Eg vibrations chosen by
Ramsay, because in the Eg(b)(ﬂ“) stretehing vibration of
the taagential form the positively charged 2 and 6 methylene
groups move in the opnosite direc%ion to that of the oxygen
and so would be expected to give an'bp?reciably stronger
band than the Eg(a)(ﬁl) stretehing vibration. A4 pair of
infrared bands corresponding to the form shown by Ramsay (4)
would be expected to have nearly equal intensities. It is
not clear why the Eg(b)(ﬁﬂ) vibration should give a
stronger infrared band than the Alu(A”) vibration, but this
seemg to us preferable to having the Eu(a)(A') vibration
give the weaker'band. The infrared intensity of the
Eu(b)(kﬂ) vibration indicates that the changes in moment
arising from the effect which is responsible for the infra-
red activity of this vibration in the c¢yclohiexane spectrum

and from the motion of the oxygen are additive, and we
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therefore expect that the infrared intensity of the
Eu(a)(A') vibration will be ap reciably greater than that
of either of the Eg vibrations.

In our analysis the freguency of the Eu(a) ring
stretehing vibration is affected far more Dy the intro-
duction of the first oxygen than by the introduction of a
second. +his may be azccounted for by an interaction with
the Eu(a)(Bu) metiylene wagging‘vibratian bf pe-dioxane.

h, lMethylene bands

Our primary concern is not to assign the methylene
bands specifically, but rather to show that our assign-
ment of ring bands is not inconsistent with the require-
menté of the methylene bands. As shiown in Fig. 4§ we
have accounted in a reasonable manner for the number and
relative intensities of the infraréﬁ bands and Haman
snifts in this spectral region.

ine unassigned 1125 cm‘"l Haman shift of p~dioxane
might bhe a combination of the Eu(b)(ﬂu) ring bending and
nethylene rocking vibrations.

Ihe parallel nature of the 1050 cm.“l infrared band
of p-dioxane requires that it arise from either a 5

u
rocking or ¥, scissors vibration. The frequency decides
unambiguously in favor of the Azu(Bu) rocking vibration.
Ine high freguency of this band in n~dloxane may probably
be attributed to the fact that the polar hydrogens are

either in van der Wsals contact or very n€arly so, as
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discussed above. <+he remaining unassigned band of p-~
dioxane is this spectral region, at 889 cm."l, is then

the B, (b)(4,) methylene rocking vibration; in this latter
vibration it will be noted that the polar hydrogens move
in the same direction and thelr close proximity may be ex-
pected to have little effect on the freguency.

From the wagging vibrations we may expect at least
one Raman band and one moderately strong infrared band,
+he fact that there is only one strong infrared band in
the ll50~130010m."1 region in the tetrahydropyran spectrum,
at 1202 cm.’l, indicates that the A" wagging vibratlons
have been appreciably modified as compared with those of
cyclohexane. Our assignment of the 1202 and 1097 bands
to vibrations of the same symmetry raises the guestion of
the possibility of the former ”borrbwing“ some intensity
from the latter. The other assignments in this region
have little significence except to show that‘the number of
bands 1is satisfactory,

2. ©Otructure of tetrahydropyran and of p-dioxane

A guestion which is not related to our major purpose,
but is of general interest, is whether the approzch outlined
in the present paper can contribute any new arguments for
or against the chalr structure for p-~dioxane or for tetra-
hydropyran, ZThe usual approach is to count the number of
fundementals which are permitted to be active in each of

the Raman and infrared spectrum by the symmetry of the
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structures to be compared, “tructures which require less
than the number of bands found experimentally are then
eliminated unless the extra band or bands can be =xplained
nlausibly as a combination fregquency or overtone. In
many cases, for example that of cyclohexane (25) or of
p~dioxane (14), the permitted frequencies can be grouped
into distinet spectral regions with little loss in rigor.
The estimation of relative intensities by the rough
methods of the present paper ean hardly compare in rigor
with tha above, and arguments based on our approach cannot
be regarded as proof, but should serve as supporting evi-
dence,
Té the extent that our predictions are valid, the
- planar structure for both tetrahydropyran and p-dioxane
can be lmmediately eliminated, because if this structure
were correct the only rocking vibration which could give a
strong infrared band would be the one related to the Azu
vibration of cyclohexane, and the infrared spectra of these
compounds cannot be explained reasonably unless at least
two rocking vibrations give moderately strong infrared bands.
the sz boat structure for p~dioxane can be eliminated
on several counts, such as dipole moment and nuamber of
bands, but as to the latter the mere fact that the number
" of bands is smaller than the number permitted by symmetry
is a weak argument at bLest., Our considerations siiow that

specifically the C,y structure would require a strong 1. i~
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infrared band in the same position as the strong ﬁl ring
breathing Raman band whereas actually there is no strong

infrared band within 50 cm.~1

of this position., +he aypu-
ment against the corresponding CS boast structure for tetra-
hydropyran is weaker. However, with that structure, since
the z-component of the change in moment arising from the
motion of the oxygen atom in the a' ring breathing vibra-
tion has the same sign as that arising from the motion of
the four nearest, and probably most highly charged,
methylene grouns, we would expect that the infrared inten-
sity of this vibration would more nearly approach that of
the other ring stretching bands than 1t actuslly does.

¥e feel that the consideration of probable intensi-

ties will enter more and more in the future into discuss-

ions of the structures of palyatcmic molecules.
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C. OCyclitols

Any interpretation of the infrared spectra of the
cveloheranehexols may be expected to be of direct use in a
discussion of the infrared spectrs of the pyranose sugars,.
Both groupe of compounds probably have the echair-form
rirg, both have a multiplicity of hydroxyl groupe, and the
members of both groups differ among themselves principally
in the arrangement of hydroxyls zbout the ring. From the
point of view of Interpreting thelr spectra, however, the
cyclitols have the advantage of grester symmetry. The
symmetry of scyllitol 1s undoubtedly g good approximation
to D3d and that of meso-inositol to C o whereas the sugars
show no symmetry. A discussion of the spectra of some
cyclitols, then, would seem to be a . desirable preliminary
to a consideration of sugar spectra.

In our preceding discussions we have shown that OH
bending bands probably lie at freguencies above 1200 em,™t,
and have found that stretching bands involving carbon and
oxygen lie below this freguency. .In sugar spectra only one
other type of fundamental can possibly fall in the stretch-
ing region, namely tertiary hydrogen bending. In the present
discussion we shsll attempt to suow that the priancipal infra-
red absorption bands of the cyclitols in the region 8.5 to
lE.éﬁ«and therefore, by inference, of the sugars, can be ac-
countaé for in terms of skeletal stretcnings. In order to

do this we gshall assume that the forms of the skeletal
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vibrations can be related to those of eyclohexane and,
as in the preceding discussion, shall make use of Djd
symmetry classes to identify then,

1. Experimental part

The infrared absorption spectra of mineral oll mulls
of seyllitol (the all-trans cyclohexanehexol), meso-
inoéitol and pinitol (a methyl ether of d-inositol) are
shovn in Fig. 9 for the spectral region 7.6 to liu. ZLhe
seyllitol was kindly supplied by Dr. Re. Christien ﬁndefson
(26) and the pinitol by W, W, Pigman. The meso-inositol
was Bastman White Label,

L of the bands shown

A 1ist of the freguencies in cn.”
in Pig., 9 are shown below, with relative intensities in
parentheses:

. Seyllitol 730 (4b), 800 (0b), 900 (2s), 985 (9),
1004 ég)j 1070 (253, 1088 {45), 1105 glo), 1121 (9),
2 /¥

1208 (0s), 1220 (1), 1241 (1), 1280 (1), 1305 (5).
neso~-Inositol 736 23), £94-900 (unresolved pair) (5),
930 (3) 1002 (6), 1014 (5), 1053 (10), 1117 (8), 1151 (8),

1199 (3), 1222 (1), 1250 (3).

Pinitol 752 (3), 851 (23, 903 (2), 962 (5), 1002 (é),
1025 (6), 1055 (6), 1074 (10), 1085 (6s), 1106 (5),
1129-1138 (unresolved pair) (8), 1193 (1), 1209 (0%),
1248 (2), 1277 (2), 1309 (0).

neso~-Inositol has also been examined by XKuhn, (2),
in the foram of & film evaporated from water. In contrast
to the sugars when examined in this form, mesoninoéiﬁol
yielded well-resolved bands, though the intensities differ

from ours below 100 cm."l.



2s Beyllitol

a, otructure

feyllitol may be regarded as derived from cyclohexane
by replacing one set#® of hydrogens by hydroxyl groups. In
prineiple either the polar or equatorial set might be re-
placed, bhut steric considerations favor the egquatorial; we
ghall assume the latter form, which 1s also favored by
the speectroscople evidence, as is pointed out below, If,
now, the hydroxyl hydrogens alternately point up and down,
the full symmetry of ecyclohexzane is retained. The carbons,
the hydrogens attached to carbon, and the oxygens each
constitute a set, which we shall hereafter‘refer to as
the C, H and 0 sets, respectively.

The symmetry of the carbon~exygen skeleton wmay in

any case be though of as D,., with small distortions

3a

introduced by a lack of svmmetry in the force field

in the crystal. That there will be such distortions

is shown by the fact that seyllitol crystalliizes in the

monoclinic system (27) and cannot therefore have an

overall symmetry greater than Cah‘
Fig. 4 can be used to help visualize the asll-eguatorial

gtructure which we have assumed. The 1, 3 and 5 oxygens

are in approximately the same plane as the 2, 4 and 6

carbons, while the 2, 4 and 6 oxygens are in approximately

the same plane as the 1, 3 and 5 carbons, We will not

¥3ee derinition above.
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attempt to locate the hydroxyl hydrogens.

be Forms ofAvibratiGns

As pointed out zbove we shall be concerned in this
discussion only with tertlary hydrogen bendings and skele-
tal stretchings. As far ag these types of vibrations are

concerned the symmetry of the molecule ig probably D to

3d
a fairly bigh degree of anvroximation, and we shall assume
this symmetry in our discussion.

| The vibrations of the tertiary hydrogens can be ob-
tained directly from Fig. 7 by considering only the interior
arrows. It is lmmediately aprarent that only the Eu vibra-
tions can be active, in accord with the selection rules, so
that there should be only two hydrogen bending freqguencies
of any inrtensity, with the reserva{iom that the Eu«vihra»
tions mav be snlit by the deviations from EBd syametry.
It is highly unlikely that the deviations would be great
enough to cause any other vibrations to be active with
appraéiahie intensity.

The Torms of the skeletal vibrations present an entire-
ly different problem from that of cyclohexsne, since we now
have two sets of heavy atoms., Apprecilable amplitudes of re-~
lative translation must now be included in a consideration
of the forms of the vibrations of each set., Also carbons-
oxygen and carbon-carbon freguencies are not greatly
different so that we may expect interaction between the

vibrations of the two sets.
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It seems reasonable to expect that the ?rincipal mo-
tion of the oxygens in skeletal stretching vibrations will
be along the carbon-oxygen bonds. Such a motion may readily
be worked oﬁt for the O set In the infrared-active agu and
Eu vibrations by combining the motions shown in Fig. 6% with
the appropriate translations. The translation of the 0 set
must, of course, be accompanied by the opposite translation
of the C set, The Azu vibration of the Q set 1s a bénéing
vibration and therefore of relatively low frequency so that

the motion of the ring in the A skelatal stretening vibra-

2u
tion will probably be siuple translation in the z direction.
In the Eu vibrations, however, we may expect the stretching
vibrations of the € set to intersct strongly with tihose of

the 0 set. Sultable A and Eu skeletal stretching vibra-

2u
tions may be represented in terms of the motions shown in

i as follows: S T )ns B
Fig. 6 a 0llows AZu’ (AZu Tz)o + z)C’ "

where T,, T and T, reprent the translations and 0 and

y
C indicate the sets. The notions of the carbons are

not directly along any bonds since each carbon 1s attached
to three heavy atoms. It is not at all obvious which of
the two sets of E, vibratlons should be expected to have
the lower frequency.

¥In this discuseion the bonds shown in Fig. 6 are
digsregarded and only the atoms and symbols considered.
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If the carbon bond angles are all tetrahedral znd the
amplitudes of the motions of the oxygens are about the sanme
ir all the above vibrations, the change in moment in the
two Eu vibrations will be about the same and roughly three
times that in the A, vibration (1. e. sin 70.5%/cos 70.59).
Infrared intensity varies as the square of the change in
moment so that this highly gimplified treatment indicates
that the Eu vibrations will give rise to substantially

gtronger bands than will the A__ vibration,.

c. Discussion of Spectruiu

The outstanding features of the seyllitol spectrum
are the two very strong double bands at about 1000 and 1100
em.”t, There seems little doubt that these two palirs
correspond to the two E, skeletal stratching vibrations,.
split by the distortion introduced by the unsymmetrical
erystalline force field,

Independent of steric considerations, the presence of
these two very strong doublets rules out the possibility of
an all-polar structure for scyllitol. The all-polar form
would indeed have two infrared-active skeletal stretching
bands, but only one of these would bhe degenerate and
therefore capable of splitting to form a doublet, namely
the ring stretehing band., Furthermore there would be nmuch
less interaction hetwesn ring and oxygen vibrations since
they have different symmetries and any interaction would

have to arise from the deviation fron DBd symnetry.
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As s conseguence we would expect the infrared spectrum of
the all-polar form to show only one band of much greater
intensity than all the rest, and this one band could not be
a4 doublet,

ine strongest shoulder on the 1100 cm."l doublet, at
about 1088 cm.”l, might be the Azu skeletsl stretching fre~
guency. 9Ye are reluctant to attempt assignments for the
rest of the bandsg without first making a study ol the 6.5
to 7.5u reglon because tertiary hydrogen bendings in the
hydrocarbons are revorted by Rasmussen (9) to fall in the
region 1300-1350 cm._l, or 7.4 to T.7us Ve might, however,
tentatively assign the four weak bands from 1220 to
1305 em T to hydrogen bendings.

‘he broaé band at about 730 cm."l is elther complex
or involves a transition between pébrly defined energy
levels, such as might be the case for torsional oseilla~-
tiong of the hydroxyls., d1he freqguency is very high for
torsional vibrations, however, so that 1f they are involved
it would have to be as a combinatlion band, probably with
the Azu carbon-oxygen bending vibration¥. I this is
¢orrect we might expect to find a very intense fundamental

in the far infrared.

*Translation of the O set along the z-axis with
C @nd H) set moving in opposite direction.,
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It is exzceedingly unfortunate that Haman data are
not avellable for scyllitol, since we could almogt certainly
identify u few more bands which would be very useful in
our discussion of the other e¢yclitols and, aventuélly, the
SUEETS . | |

3. meso=-Inositol and pinitol

If one of the hydraxyls’af scyllitol is moved to the
polar position (without moving it to & different é&rﬁen),
the fesulting molecule is that of meso-inositel. If,
\then, the precesé is repeated on a neighboring hy&roxyl
group, we obtain d~ or l-inositol, depending on which neigh-
bor 1s selected; d-incsitol is obtained if, with the meso-
Anositel molecule oriented so thal the polar hydroxyl is
nearest the reader, and above the plane of the ring, the
lef't-hand nelghbor is selected. Pi;ital is monomethyl
ether of d-inositol, but it is not known which one of the.
three possible lsomers,

meso-Inositol has a potential symmetry of Cs and
ninitol Cl%, 80 that all vibrations are permitted to be
active in both the Raman and infrared. 4 might be expected,
than; the infrared absorptlon spectra of these compounds

are appreéclably more comnlex than that of seyliitol.

#d~Inositol has a potential symmetry of C,, but
since the W@thyl group cannot lle on the 62 axis pinitol
cannot have any symmetbtry.
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In discussing these spectra we shall regard the vibra-
tions as derived from scylliitol vibrations, and shall
identify them in terms of the symmetry class of the
related scyllitol vibrations.

Obviously the increuwsed dissymmetry ol the molecules
will cause additional splitting of the vibrations which

are related to the Eu vibrations of scyllitol. Ve might

assign these to the 1002, 1014, 1117 and 1151

2
N

tentativels;

{
£,

~1 . " . . .
ems  bands of meso-inocitol and to the 1002, 1025, 1106

and 1129 or 1138 cw.” ! bands of pinitol. The & i vibration,

2
with greatly increased infrured intensity because of the
presence of polar hydroxyls, might then be assigned to

the strong 1052 and 1074 cm,'l bands of meso~-inositol and
pinitol, respectively. _

If we limit skeletal stretchiﬂg freguencies to the
spectral reglon 800 to 1150 cw.’l and nydrogen bendings
to higher frequencies, three wuore meso-inositel and six
more ninitol bands must be accounted for in terus of
skeletal stretenings. deso-Inositol bas a total of twelve
and ninitol thirteen sizeletal stretching vibrations.

Three of the remaining unassigned pinitol freguencies
are in tne upcer part of the stretching ranges One of
these is probably the C~0 stretching band of the methoxy
group, perhaps the unassigned menber of the 11291138 em. "+
pair, Tne other two, at 1055 and 1085 cm."l can then be

agsigned to vibrations derived from the E? vibrations of
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seyllitol.

The remaining three bands in the stretching reglons
of the meso-inositol spectrum, at 930, 900 and 894 cm,"l,
and the pinitol spectrum, at 962, 903 and 861 cm.*l, may
be assigned to the breathing vibration of the oxygens and
to the two remaining "Eg" vibrations, respectively.

Ve shall not attempt to assign the bands lying out-
gide the spectral region which we huave selected as the

skeletal stretching region, namely 800 to about 1150 cm,"l.
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Part III. Pyranose Sugars

A. S8tructure

The arrangement of substituents about the asymmetric
carpbong of the sugars has been known for years, but very
little detailed information about the structure of the
sugars ig available. Atomic parameters have been obtained
by means of x-ray diffraction for only two sugars or sugar
derivatives, namely «-glucosamine hydrobromide (28) and
sucrose sodium bromide dihydrate (29); in both cases the
pyranvse ring was shown to have a chair-type conformation,
but the accuracy of the parameters is not sufficient to
show how closely it approximstes the theoretical strain-
legs trans ring.

Discussions of the structures of the sugars have been
given in recént years by Cox, Goodwin and Wagstaff (30),

Pacsu (31) and Hassel and Ottar (32). In the two latter

discussions a strainless ring is assumed, whereag in the
 former a flattened, strained form of the ring is proposed,
Apparently the latter authiors wers not aware of the exisg~
“tence of the first article because no attempt is made to
answer the carefully formed arguments advanced by Cox,
Goodwin and Wagstaff in favor of the strained ring. In
our discussion of the spectra of the sugars we shall assume
a modified éhairwform ring, but first we shall attempt to
Justify this assumption as far as is possible in the ab-

sence of detailed x-ray daté.
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Cox, Goodwin and Wagstafl base thelr case primarily
on the observation that the smallest unit cell dimension
of each of eight pyranose sugars and derivatives lies
between 4.6 and 5.0 A. and that the smallest unit cell
dimension* of eleven methylatadlsugars and derivatives
lies between 4.4 and 4.9 A.. Bix furanoid compounds, whose
‘rings are presumably very nearly flat, show a smallest
unit cell dimension between 4.4 and 4.75 A.. They state
that these observations are incompatidble with any form of
Sachse ring, by which they no doubt mean any strainless
ring, but would be in excellent agreement with a form in
which the five ring carbons are approximately in a plane
and the oxygen is tipped up out of the plane. The coplanar-
1ty of eis C~0 bonds 2 and 3, and of 3 and 4 of such a
mcdei would give a ready explanation for the ease of
formation of iscpropylidene compounds with cis hydroxyls
in the case of the sugars, whereas attempts to form such
compounds with quercitol or inositol, which probably have
the chair-form ring, have been unsuccessiul. ©Since the
carbon-oxygen bonds of the 1 and z'hydroxylé are not co-
planar in the above model we also have an explanation of
the fact that attewpts to form 1l,2-isopropylidene compounds
often yield the furanose form, in which the 1 and 2

carbon-oxygen bonds would be coplanar, or very nearly so.

#This dimension places an upper limit on the thickness
of the wmolecule, '
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They also suggest that the existence in solution of two
isomeric "ilat® forms with the oxygen tipped opnosite
ways and with relatively small difference in energy might
explain the complex mutarotation behavior of many sugars.

The x-ray exidence clted by Cox, Goodwin and Wagstaffl
shows clearly that the molecules of nmany pyranose sugars
and thelr derivatives pack in the c¢rystal in such a way
that the diﬁt&ﬁﬂ@ along & normal to the mean plane of the
ring from any point in one wmolecule to the egulvalent point
in an adfacent molecule is too small to correspond to a
structure based on a strainless trans ring. We shall
attempt to show, nowever, that these observations can be
satisfactorily explained on the basis of a less strained
structure than theilr ®Iflat¥ pyranose ring,

In our discussion the thickmeé% of the molecule will
be understood to be the distance along a normal to the
mean plane of the ring between corresnonding atoms in two
adjacent molecules; the packing is to be such that the
centers of both atoms lie on the same normal., This type of
packing is very nearly the closest possible for both the
strainless Sachse trana form and the CGW form. In meking
our caleulations we have assumed the van der Waals radii
given by Pauling (7) and have used the results given by
Beevers and Cochran (2?) for the average values of the ring
parameters of the glucose unlt of sucrose, namely 1.50 A,

Pauling's value for the van der Waals radius of the methyl



group has been used for the sugar methylene group, ihe
terms polar and equatorial (10) will be used to identify
both the atoms and bonds assoclated with the positions
of substituents above or below and in the reglion of the
mean plane of the ring, respectively, in the strainless
Sachse trans form. ’

The thickness of s pyranose sugar whieh has a
strainless trans ring is then 4.62, 5.18, or 5.74 Ay
according to whether there are no polar hydroxyls at
all, polar hydroxzyls on only non-adjacent carbons, or
polar hydroxyls on adjacent carbons, respectively.

If the hydroxy-methyl group 1s in a polar position,

0.74 A. nust be added to the above figures, but we shall
assume with Pacsu (31) and Hassel and Ottar (32) that
this form is the less probable of %he two possible

trans form for any sugar. The thickness of the CGW
structure is 4.63 or 4.91 A. for sny pyranose sugar de-
pending on whether the hydroxymethyl group is cis or

trans to the oxygen¥,

#The apparent discrepancy between our {igures and
those cited by Cox, Goodwin and Wagstaff is purely the
result of a difference in the definition of thickness.
The CGW value of 1.5 A, for the extreme variation in
thickness for trans forms appears to refer to the
thickness obtained by taking the distance between two
dmpenetrable planes parallel to the mean plane of the
ring and touching the outermost atom on elither side of
the mean plane.
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The relative positlons of the hydroxyls and the termin-
al hydroxymethyl group for each of the sixteen® aldohexoses
is shown below on the assumption of a strainless trans
ring with the hydroxymethyl group in the equatorial posi-
tion. The number 2 refers to the eguatorial region and
1 and 3 to the two polar regions; the positions are given
congecutively for the nonhydrogenic substituent on each
carbon from 1 to 5 so that the configuration appears as a
five-digit number made up of onets, two's and threels,

g~Glucose 32222, A-glucose 22222, «-msnnose 31222,
g-mannose 21222, «-allose 32322, p-allose 22322,
a=altrose 31322, pg-altrose 21322, «-talose 31212,

A-talose 21212, L-galactose 32212, A-galactose 22212,
X~-idose 31312, g-idose 21312, «-gulose 32312, p-gu-
lose 22312, '

The configuration of xylose, lyxose and arabinose
may be obtained by dropping the Tifth nuxber frowm the con-
figurations of glucose, mannose and galactose, respective-
ly, with the exception that the and forms of arabinose
are interchanged with respect to those of galactose.

The stable form of ribose appears to be the furanose form

(1)« The configurations of xylose, lyxose and arabinose

#We are not concerned here with the differences
between D- and L~ sugars since thelr spectra must
necessarily be ldentical.



could in prineiple be derived from those of idose,
gulose and alcrose, respectively, but their properties
show muech more resemblance to glucose, mannose and galac~-
tose. The configurations of g-fructose and «-sor-~
bose are probably 1223 and 3222, respectively, where the
hydroxymethyl group has been assumed to be equatorial
and hag not been included in the configuration since
it is attached te the same atom as the {irst hydroxyl
grouy listed., The corresponding configurations of
some cyclitols would be seyllitol 222222, meso-inositol
122222 and d- or l-inositeol 132222, where the form
with the smallest number of polar hydroxyls haé been
glven,

The pyranose compounds cited by Cox, Goodwin
and Wagstaff include the free sugars or derivatives
of «- znd A-glucose, f-nannose, «- and f-galactose,
&= and g-arabinose, and xylose, ©8ix of the nineteen
compounds have no polar substituents and none have
polar subistituents on adjacent carbons. A comparison of
the smallest unit cell dimensions cited by Cox, Goodwin
and Wagstaff with our calculated thicknesses for the
strainless trans form shows that at least thirteen of these

eompounds must deviate appreciably from the strainless
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trans form. In the absence of far more detalled x-ray
data, hewever, it is appsrent that the deviation is not
required to be as great as that proposed by Cox, Goodwin
and Wagstafll.,

- To explain the difference in behavior between the
sugars and the cyclitols with respect to the formation of
alkylidene compounds we must consider the eifect of the
ring OxYygen. The six ring carbons of the cyclitols are
probably equivalent, to a high degree of approximation,with
respect to the dependence'of potential energy on C-C-C
angle. Any deformation of the ring, then, which must take
place when an alitylidene compound is formed, may be ex-
pected to be such that all C-C-C angles change in the
same direction and by the sane amount, The C=0~C angle
of the pyranose ring, however, can¥probab;y be decreased
more easlily then it can be increased since oxygen tends
to form p bonds (7). Consequently when the pyranose ring
is}deformed it will tend to be deformed in such a wéy that
the earbon bond angles are increased and the oxygen bond
angle is decreased. IThis leads to a far greater eace of
deformation for the pyranose ring than for an all-carbon
ring as 1s shown by the fact that a COGW "flat" ring with
the bond lengths and C~0-C angle which we have assumed
above would have ring C~C-C angles of more than 118°,

whereas with a C-0-C angle of 90° the C-C~C angles would
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be about 115°, Furthermore if the C-0 bond lengths were
1.42 instead of 1.50 A., as we assumed above, and the
C-0-C ‘angle 90° instead of 109.5°, the other ring angles
#ouls Be sniy sbout 113,5%, It s apparent, then, that
whatever the equilibrium configuration of the sugars may
be, they can assume the deformed eonfiguration which is
required for forming alkylidene compounds far more readily
than the cyclitols can, The type of deformation whiech we
have discussed above cannot, however lead to a configur-
ation in which the 1 and 2 C-0 bonds are coplanar, so that
the relative difficulty of formation of 1,2-~alikylidene
compounds is also explained.

B. Monosaccharides

1. IDxperimental part

the infrared absorption spectra from 7.6 to l4u of
mineral oil mulls of twenty-four monosaccharides and de-
rivatives are shown in Figs., 10-14. The positions of the

hands in cm.'l

are shown helow with relative intensities
in parentheses. “~ue to the variation in thickness between
samples, as well as within each erystalline sample, little
can be sald about absolute intensities. _
% -D-(lucose monohydrate 720 (2), 772 (3), 855 (3),
917 (3), 927 (0s), 1015 (103, 1030 £93, 1052 gv;, 1072 izg,
1098 (23, 1112 (3}, 1156 (&), 1209 (1)) 1233 {0), 1248 (0
«-D-Glucose 778 (3), 841 (4), 917 (2), 996 (8),

1027 Exa), 1084 (7), 1081 (2), 1114 €7§, 1152 (7),
1206 (1), 1z27 (2), 1277 (0s), 1299 (1

-

-
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B ~-D=-Glucose T40 (1), 902 (4), 916 (1s), iol7 (10),

1037 gq) 1086 (8), 1116 (7), 1157 (5), 1205 (1), 1229 (1),
1250 (1s), 1274 (2).

8 -D-Mannose 700 (1), 734 (5), 773 (7), 856 (2), 901 (1),
936 (2), 1010 (4), 1036 (8s), 104b (103, 16657 (9), ’
1076 ggg, 1091 zlo), 1124 (45, 1173 (5), 1220 {1),
1242 (3), 1264 (1).

x -D-Galactose 708 (1), 767 (5), 840 (8), 957 (5),
- 975 (2), 995 (1s), 1046 (8), 1071 (i0), 1083 (6s)
1106 (63, 1140 (2s), 1152 {5y, 1242 {2), 1297 (1).

X -D-Talose 710 (1), 768 (3), £03 (6), BLE (6),
876 (3), 907 (2), 950 (8), 985 (8), 1014 (7), 1054 (9),
, 1235 (6), 1261 (2),

1085 glag, 13114 gzg, 11424 (6)
1272 (1s), 1318 (3

x -D-4ylose 762 (4), 90? (5), 934 (63, 1018 25;,
1041 210), 1060 (;a), 1082 (1), 1110 (2s), 1129 (5),
1151 {4), 1191 (2), 1205 (1s), 1238 (1).

.

@=b-Lyxose 710 (1), 755 (4), 773 (0), 843 (4)
854 (1), 884 (4), 954 (1), 1008 (8}, 1036°(8), 1046 (8),
1067 Elo), 1099 (8;, 1110 ézs), 1133 (5), 1163 (4),
1220 (2), 1250 (0s), 1285 (0).

| L-Arabinose*CaCl, 774 (4), 836 (2), 863 (2), 875 (2),
890 (0Q), 937 (4), 996~(5), 999 (9), 1015 (5), 1037 (9),
1049 élo), 1082 (8), 1111 (7), 1155 (&), 1153 (1),

1212 (1), 1263 (1), 1309 (1).

a-D-irabinose 737 (3), 845 (5), 895
997 (9), 1055 (1@3, 1067 gés), 1094 (&),
1136 (93, 1226 (3)) 1244 (3).

D-Ribose 730 (3), 750
869 (2), 891 (2), 911 (2)
1015 €7S)’ 1037 51@), 1083 (4),
1347 (32), 1159 (7), 1215 (Os),

Methyl Glucoside+CaCl, 725 (2s), 739A(3), 77
824 (2), 874 (4), 915 (1),7952 (1), 1013 (&), 104
1055 (6s), 1073 (9), 1102 (6), 1113 és), 11483 24)
1%9§ Elg, 1220 (1s), 1231 Zz), 1268 {2), 1278 (2)
1303 (0). - .

>

D
4l €
‘U
e

3

-

Methyl x-D-Mannoside 725 (2), 816 (6), 2849 (3),
829 (1), 915 (1), 973 (9), 1029 (10), 1056 (8), 1070 (7),
1102 Evg, 1119 §7g, 1132°t7), 1200 (3), 1219 (3),
3245 {13, 3256 (1)« -

»
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®-L-Rnamnose (6~desoxy «x-L-mannose) 805 (3), 835 (33,
279 (1), 910 (1), 976 (5), 1035 élO), 1075 (8), 1086 (3s),
1120 (5], 1142 (2), 1223 12), 1285 (3).

x-L-Fucose (6-desoxy x-L-galactose) 773 (.
879 (2), 916 (2), 963.(3f, 999 (6), 1032 (és),
1073 é?%, 1091 243), 11127 (4), 1129 (4), 1168
1221 (2), 1250 (1), 1297 (2).
& ~D=Isorhamnose (6-desoxy x-D-glucose) 805 (5),
835 (5), 79 (2), 911 (2), 975 (5), 1035 (10), 1068 (4s),
1075 Egg, 1085 (58), 1122 (7), 1143 (4), 1222°(5),
285 .

x-D-tilucosanine 774 (3), 855 (2), 889 (1), 913 (2),
1004 gg;, 1035 (10), 1064 (4), 1094 (b), 1117 (29, 1139 (2),
1182 (2), 1218 (1), 1247 (2).

6-Methyl o=D-Glucose 774 (4), 790 {1s), 858 (4),
913 (2), 949 (2), 1011 (8), 1046 (9), 1058 (10)
1080 (8], 1099 255),.1;1c Uss), 1126°(8), 1144 (8),
11956 (3), 1253 (1), 1304 (1).

3-iethyl K-D-Glucose 754 (4), 770 (0s), 845 (2),
919 (4), 955 (1), Luoz (8), 1ui4 (9), 1037 (1Q), 105
1085 ’5%, 1100 gv), 1114 (3), 1141 (%), 1199 (33,
1228 tl , 1290 (1).

A-lethyl A-D-Glucose 700 (1), 770 (1b), 9
955 (6), 1018 (9), 1064 (10), 1088 (8)5 1124 (

04 (4),
&)
1136 (68), 1159 (), 1214 (3}, 1264 (2

2

Levoglucosan (1,%-anhydro g-D-glucose) 790 (1)
834 gzg, £60 (7), 894 (6), 921 (1), 949 (5), 989 (4),
996 (5), 1013 (8), 1045~1053 (unresolved pair) (10),
1079 (85, 1091 (45, 1111 2?, 1142 (6), 1185 (1),
1229 (2}, 31258 (2} 1290 {5).

Sorbose 725 (2), 82l (é), €83 (3), 901 (1s), 992 (3),
1013 g;s), 1078 (3s), 1049 (10), 1065 (4s), 1083 (4s),
1110 (6}, 1129 (3s8), 1149 (3), 1190 (3), 1256 (3).

. Pructose 784 (5), 820 (2), 864 (1s), £76 gs) 923 (1),
978 (7), 1027 (4s), 1053 (10, 1065 (6S§’ 1679 10%,.
1095 Es} 1133 ssg, 1149 (73, 1172 (2), 1227 (0s),
1245 (18}, 1264 (2).

(Fructoss) 'Caélm‘BH,Q 756’§6' g25 (2) 861 (3)
879 (2), 919 (1%, #82°(5)% 1036 8§: 1050 (53, 1070 (7),
1085 ELO), 1114 (6), 1144 (3), 1168 (8), 1178 (1s),

1250 {2), 1269 (1) r 25t b1
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The p-D-glucose ( BJ, = +2%° ) was prepared accord-
ing to the method of Hudson and Dale (33) by precipita-
ting it from hot concentrated acetic acid, then taking
up the crude product in ice water and reprecipitating
by addition of absolute aleohol. «-D-Ulucose monohy-
drate was prepaﬁed by recrystalliizing commercial anhy-
drbus glucose from water. <The Learabinose caleium
ehloride compound, methyl o~D-mannoside, «x~L~rhawnose,

o =L=fucgse, d-glucosanine hydrochloride, 6~methyl x-Dw
glucose, 3-methyl x-D-glucose, Z-méthyl B-D-glucose,
levogluconan and «?~L-sorbose were supplied by Dr. C. M,
MeCloskey; and the «-b-talose, methyl guloside calecium
chleride coupound, x-D-isorhammose, and (fruetose)z'Caﬁlz‘
BHZG by Dr. W, ¥, Pigman. The rgmaining samples were
optained from the chemical stockroom.

The arabinose calcium chloride compound was pre-
pared as the X variety, but does not have the properties
of any previously reported calcium chloride compound of
arabinose. No mutarotation could be detected in solution.

x-b-Glucose, B-D-mannose, «~bD-galactose, x~D-xylose,
AB-arabinose, U-ribose, methyl L-b-mannoside, o~L-rhamnose,
d-L-fucose, «-glucosamine hydrocnloride, 3-methyl xQB-gluw
cose, levoglucosan and «?-L-sorbose have been examined
- also by RKuhn (2), but as stated earlier his resolution is
not as good ss ours and many of his samples show excessive

absorption.
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The very linited amount of previous work on_tﬁe
infrared spectra of sugars may be found in references (34)
to (36)., Wiemann (37) has examined the Raman spectra of
several sugars, but unfortunately he does not define his
symbols and since "fY" could egually well mean strong or
weak his work is not very helpful to us,

2. Infrured spectra

I the bands lying between about 800 and 1150 em.”l
are to be attributed solely to skeletal stretching vibra-
tiong, ag ls suggested by our study of the cyclitols, the
hexoges may be expected to show a maximum of thirteen
bands in this region and the pentoses eleven., Since the
sugars have a methylene group, however, we might perhaps
expect cne or two additional weak bands in this region
arising from recxing and wagging of the methylene group.

A count of the number of bands in this reglon shows that

the actual number ranges from only 7 for f-glucose to
fourteen for levoglucosan and the arabinose calcium chloride
compound, The latter compound may well be a mixture,
however, and need not be considered.

‘Eest of the spectira show about the same number of
bands in this region, but the intensgity distribution
shows a fairly large variation. A very high proportion
of the absorption in the g-glucose spectrum is concen-
trated in the spectral region from 8.5 to 10« whereas

the absorptlon of levoglucosan (1,6-anhydr0qﬂ-DogluGOPyranose)
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is.relatively evenly distributed over the spectral region
from 8,7 to 124. Levoglucosan must have the configura-
tlon 13131, 4. e. with all polar substituents, whereas
B-glucose has all esuatorisl substituents so that these
two compounds also represent the extremes with respect to
the distribution of substituents among polar and equator-
ial positions. Yhe sgpectrum of X-talose, which probably
nas three polar hydroxyls, has an intensity distribution
approaching that of levoglucosan.

ihese observations lsad us to investigate whether
the Intensity distribution can be correlated more closely
with configuration. II g-mannose 1is eucepted, the correla-
tion is fairly good, with the proportion of absorption
pelow 1000 cm."l increasing with the number of polar hy-
droxyls, meso-Inositol and pinitoi’show about the same
proportion slthough the latter has one more polar sub-
stituent than the former.

The above rough correlation appesars to be useful in
determining whether a derivative of a sugar is of the «
or g form. The five derivatives of glucose shown in
Fig. 13 can be readily classifled from their spectra Dy
tiils means, Rhamnose and fucose also fellow this correla-
tion failrly well.

A consideration of the forms of the cyclohexune vibra-
tions shows that the effect of moving a large bond wmoment

from sn eguatorial to a polar position is to reduce the
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intensity of the Eu skeletal stretching vibrations and to
increase the intensity of all other skeletal stretching
vibrations. Although the vibrations of the sugars are
not expected to rescepble those of cyclohexane at all
closely, 1t is apparent that tihis general effect of
digtributing tie intenslity among more vibrations as
the number of polar hydroxyls is increased is retained in
the sugars. The eifect of two polar hydroxyls on cyclo-
hexane-tvpe vibrations 1s smaller when the two are on
adjacent carbons, as has been noticed experimentally for
pinitol; It is interesting that methyl x-mannoside also
shows little effect of the additional polar substituent
conpared with g-mannose.

It is not at all clear what types of vibration are
responsible for the strong absorption‘of,e-mannose,

s ; ; ; -1
L-galactose, F~arabinose and fructose below 800 em.

C, Di- and Tri-saccharides

1« Experimental part

lhe infrared abscrption spectrz from 7.6 to Lium
of wmineral oll mulls of thirteen di- and tri-saccharides
are shown in Figs. 15 to 17. 1he positions of the
bands in cm.hl are given below with relative intensitiles

in parentheses.
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B-D-izltose 779 (1), £50 (2), 907 (3), 1002 (8),
1014 élﬂ), 1075 (10), 1106 (9), 113@ (7), 1149 (48),
1206 (1), 1248 (1), 1271 (3), 1306 (1).

Cellobiess 743 (2), 896 (2), 975 21s), 993 gs)
1030 éSS), 1048 (10), 1058 (6s), 1085 (9), 1102 (55),
1130 (5), 1168 (5}, 1211 (2), 1267 (2), 1287 (2).

o -Gentiobiose*2CH ou 776 (1), 855 (0), 905 (1),
959 (Os), 997 (5s), 1037 (10), 1058 (9), 1079 (9),
1105 §7}, 1124 (583, 1148 (483, 1168 (2%), 1200 (0s),
1250 (0

Hydrol 774 (1; 846 (1), 918 (1), 1030 (10),
1083 (3), 111l (8s), 1151 (23, 1205 (8s), 1250 (1).

%e-Trahalose 806 (1), 843 (1), 855 (1), 879 (
912 (1) 954 (2), 996 (1&), 1011 (7), 1031 (8), 1
1085 Zéz, 1101 (7), 1127 (&), 1149 (5), 1z14 (D),
1239 (2).

(5,

-D-Lactose hydrate 7bl (3)
), 219 (1), 990 (5), )0" 243
7Yy, 1076 ég s 1098 E?g, 126
2

838 (lu},
1264 (2), 1302 (2

0
1063 65, 1171 (5

&
902 (3
1205 é

-

4

A
948
1999
1211
1307

e 73 (1) 770 (:) 379 (3) 2073 (3})
) &018 (40), 1037 (&), 1048 (8), 1072 (10),
ézs), 1117 (7), 1159 ko), 1192 (1),
0), 1252 (2), 1266 (0), 1285 (0),

~D-Liactos
), 989 (6
& 1107
0 1223
f§

>

2
5

.

), 780 (5), 9% (4),

33, 912 (1s), 928 (0),

619 (7), 1033 (7), 1055 (10),
163 (55, be

8-
850 5
948

1091
1256

E
Heolan

1) (1)
085, 962 (3
§og 112 g 1221 (2
2

A-eliviose 739 (1)
907 (1), 923 (1), 939 (
1075 %1 1), 1087 ( 1
1186 (1), 1220 (1 5

SN

), 775 (2), 837
3¢ \@), 966 (5), 1u

Raffinose 735 (1
92
o , o8z (7)), 1112 (

3
864 (2), 875 (2), 892
1016 EA%, 1034 %é
1195 (0), 1212
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{30
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Bucrose 695 (1), 733 (2), 797 (0), 851 (2), 858 (3),
910 (6), 921 (43), 942 (2), 986 (8), 1boy (6), 1040 (35 ;
1054 E 1070 (19), 1106 1), 11247 (5), 1161’ &

1208 1), 1236 (3), 1277 (1),

‘Pfuranose 698 (2), 713 (3), 747 (2), 806 (1),
840 éﬁg, 65 (4), 899 4}, 209 (Ls), 917 {(os), 934 (1,
969 (5), 1018 (8}, 1041 (6s), 1059 {10y, 1070" (58},
1085 Evg, 1109 E ;, 1129 §4s§ 1143 (75, 1202 (3),
1245 (2%, 1274 (2), 1300 (0s).

Welezitose 717 (2), 784 (1), 831 (2), 852 (1),
873 2), b ér) 30 (3), 996 (10), 1028 (8), 1045 (5s),
1057 (68), 1 fB? 1098° (5), 1112°(6), 1148°(5),
1223 EL), 1258 (2), 1292 (is).

B-Celloblose was supplied by Dr. L. Zechmeister;
gentioblose, hydrol, oL-~trehalose, g-lactose, raffinose,
g-neliblose and melezitose by Ur. ¢, M. ieClioskey; and
A-neolactose and turanose by Dr. W, W, Piguan., A-Haltose,
a~laciose and suercse were obtained from the chemical
stockroomn.,

B-Y=zltoss, Bf~cellobiose, ogd~t}ehalose, x-lactose,
raffinose and g-melibiose nave also been examined by Kuhn
(2).

2. Infrursd specira

The gpectra of the di~ and tri-saccharides have the
same general characteristlces as the wmonosaccharides ex-
cept that they are somswhat more complex, as might be
expeeted. Also, the individual bhands below 10U0 cm.'l
are weaker relative to those in the.1000~1150 cm."l re~
glon, probably bescause the hipgher frequency bhands are
spaced so close together that they overlap and add in-

tensities.
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By applyving the correlation mentioned in the prece-
ding section between intensity distribution and number
of polar hydroxyls one might expect that of the glucose
disaccharides whose spectra are shown in Pig. 15 the
cellobiose isg all B maltose, gentiobiose and hydrol are
mixed xand B3 and trehalose 1s all X. Thls 1s correct
for all except hydrol, of which the compogitimn ig not
positively known. Wolfrom (38) has indicated that it con~
tains a good proportion of isomaltose, which he belleves to
be 6-D-glucose g=D-glucopyranoside. OQur prediction would
be that it is the g form,

The glucose tri- and tetra-saccharides cellotriose
and cellotetraose, whose spectra are shown in Pig. 18,
also show a good correlation. The cellotetraose would be
expected to be all 8, whereas the ébmplexity of the
cellotriose spectrum indicates a mixture, which requires
it to be x~cellotriose. These predictions were indeed
made before it had been determined which forms had been
axamined, |

The gpeetra of the mixed oligosaccharides are not
nearly so clesrcut, although x- and g-lactose appear

to follow the correlation fairly well,



Part IV. Polyssccharides

&« Animal Cellulose

1. Exverisnental puart

Buitzble samples of native cellulose for examination
in the very strongly absorbing 8 to 10m region are diffi-
cult to obtain, which no doubt partially accounts for the
lack of published date on the infrarsed spectrum of cellulose,
Fortunately we have found the dried test of the tunicate
Ciona intestinalis, which 1s very common off the Eouthern
Califorula cozst, to be very sstisfactory.

The cellulose is considerably swollen with water and
on drying decreases in'thicknéss from about 0.2 to about
0.002 mu., wiich gives about the right awount of absorption.
The latter {igure was estipated by comparing tite infrared
absorption of an average Cliona test-with that of cello-
phane samples of known thickness supplied by kayonier, Inc..
The dried test 1s as highly erystalline as ramie, as is
shovn by its x-ray diffraction pattern (39).

The Cicna tests were freed of the minute amount of
protein material present by treatment for two days &t
309%C. with each of the following successive selutions,
as suggested by Profegsor Carl Mlemann: 0.01f hydrochlorice
acid, 2 percent of pepsin In 0.01f hydrochloric acid, and
< percent of pancreatiu in & citrate~phosphate buifer of
i 7.8, This treatment does not affect the spectrum of the

tests, but improves their keeping qualities. No atteapt
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has been made to remove the smull amount of plgwment which
is present. For examination the treated tests are placed
on o brass ring about an inch and a guarter in diameter
and are dried in an bven for one hour at VUOG.

The water-white, jelly-like inner casing of Ciona
appears to be somewhat purer than the test in that it
lacks the plgment; however, the plgment dées not appear to
affect the spectrum, and the test is more convenlent to
worls with because of 1ts greater tenslle strength.

Mercerized samples are prepared by clamping the test
firply on a brass ring, thes allowing 1t to stund for half
an hour st room tewperature ln 20 percent sodium bhydroxide;
it 1s then washed two or three times in dilute acetie acid
and repeztedly with distilled watsr, The thickness of
the mercerized sample may be controlled roughly by the
tightness with wiiieh 1t is stretched on the ring. Puring
mercerization an vnstreiched sample decresses In lineur
dimensions by a factor of about three and increasses in
thickness so that it glves complete absorption between
8.3 and 10u.

The infrared absorption spectra hetween 7.6 ard 13u
of native snd of mercerized animal cellulose (tunicin)
are shown in Flg. 18 together with those of mineral oil
mulls of sowe cellulose degradatlon products. The speetra
of cellophane, starech and =some starch degradation products

are shown for comparison in Fig. 19, TIhe positions of
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the bands in cm.“l are shown below with relative intensities

in parentheses.

x-Cellotriose 777 (1), 850 (1), €90-898 {unresolved
pair) (13, 933 (1), 979 (3s), 999 (8), 1020 (r0),

1031 (8s), 1050 595, 1075 (9), 1093 (9), 1119 (7),
ilzu 3§), 1147 (5), 1163 (4), 1200 (1), 1224 (1),
1264 (2),

B-Cellotetracse 725 (1), 770 (0), €96 (2), 1101 (6),
1032 &10), 1053 (8s), 1088 (9), 1122 (8), 1164 (5),
1202 (1), 1229 (0), 1272 (0).

Tunicin 1014 (5s), 1037 (9), 1063 (10), 1116 (5),
%§§$ iég, 1210 (1), 1239 (1), 1269 (0s), 1319 (1),

Mercerized tunicin 897 (1), 970 (3s), 99¢ (6s),
1033 29), 1070 21&;, 1119 gvg, 1160 gsg, 1209 (1),
1241 (1), 1267 (1s), 1321 (0), 1341 (O

Cellophane 895 (1), 960 (2s8), 992 (5s), 1024 (9),
1064 (10), 111z (6s), 1155 (4), 1196 (1).

Maltose film 759 (0), 789 (0), 854 (1), 1114 (0s),
924 (1), 996 (4s), 1038 (10), 1079 (9), 111z (7), 1153 (7),
120¢ (05, 1248 (0).

Starch 765 Elg, 855 (1), 930 (1), 997 (5s), 1036 (10),
igzg ggf), 1081 (8), 1115 (5s), 1153 (6), 1203 (0),

x Scnardinger dextrin 712 (1), 763 (0), 846 (0),
866 (0), 901 (0s), 938 (1), 953 (2), 1001 (5s), 1035 (10),
1060 %8?, 1081 (85, 1101 (is), 1157 (7), 1206 (0s),

1245 (Q).

A Sehardinger dextrin 709 (1), 762 (1), 855 (1),
943 (1), 999 (5s), 1031 (10), 1G58 (8s), 1082 (&)
1107 (58), 1156 (7), 1209 (0s), 1252 (0), 1302 (0.
-Cellotriose was supplied by Dr. L. Zechmeister;
pB-callotetraose and an additional sample of &-cellotriose

by dr. M. L. Wol{from; and «- and g-dextrin by Dr. C. #.

MceCloskey. The thin sample of cellophane was obtalned
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through the courtszsy of Dr. 0. Goldsciunid of Rayonier, Inc.,
in Shelton, Washington; it was speclally prepared without
nlasticizer by br. R. L. Mitchell znd #r. BE. Head. The
starchh is so-ca lled soluble starcii, obtained from the chem-
ical stockroom, Tne maltose filn was vrepared Dy evanora-
tion of & solution of maltose in 40% alcolol-water and

was sunported on silver enloride.

Inpure samples of native nlqnt cellulose have been
examined by Stalr and Coblentz (40), and Rowen, Hunt and
Plvler (41) have rublished s euﬂvé for cellulose régeneru—
ted from cellulbse acetate, but otherwise there is notuing
in the open llterature on the infrared spectrum of cellulose
between 3 and 13u.

2. Infrared spectra

The chemical and struetural identlud of animal cellu-
lose with nlant cellulose has been shown by Zechmelster
and Toth (42), Gross and Clark (39), and others (43-45).
These exneriments do not, however, ec«clude the possibility
of small differences wihdich might show up in the spectrum.
The spectrum of native animal cellulose, shown in fig, 15,

. resembles reasonably well the s?eotra obtuzined by Stair
and Coblentz (40) from unvurified samples of olant cellu~
lose, but to be 51gni? eant, such a comparison wuuld have
to be made with purer samples.

The cellulose absorption spectrum reseables that of

the sugars in that most ol its absorption occurs in the
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spectral reglon from 8.5 to lOu and 1t resembles the spec-
tracﬁ?ﬂ-cellobiose and g-cellotetraose in its lack of
absof;tion beyond 1gﬂ « As with fie eyclitols and the
sugars, it seens probuble that the bands in the strongly
absorbing & to 1QM region arise irom skeletal stretchiing
vibrations.

Aside from the rescublances mentioned above, however,
the cellulose spectrum 1s quite different, even Trom those
of its own degradation products. There is scarcely a
trace of the strong band at about 9.2u, for exanple, or
the secondary band ot about ll.%g, both of which are

i

nresent in the spectra of the degradation nroducts ihe

relative simplicity of the cellulose spectrum counpared

%

with the spectras of cellulose degradation products might

¥

well he related to the fact tuat tié cellulose molecules
are long straight chains of glucose unit The Infrared
spectrun of starch, whicii hss colled molecules, shows a

much closer rescmblance to tihose of its degradation pro-
gucts as shown in Flg. 19, A study of the nature of the
interactions along straizht and coiled chains aight shed
some light on the matter,

Hercerization of animsl cellulose decreases the raso-
lution of the spectral bands between £.5 and 104, eliminates
the weak 9.854 shioulder, considerably strengtiens the
10.0 and 10.3u shoulders, and introduces a weak 11.1lm band.

The spectrum of a somewhat thicker sample of mercerized
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tunicin than that shown in Fig. 18 is almost identical
with that obtéined by Howen, Hunt and Plyler (41) with a
celliulose film reéenerated from cellulose acetate and
agrees well also with the cellophiane spectrus shiown in
fig. 19. The band at 1l.lu appears to be soumewhat weaker
than the corresponding cellophane band and there are
small differences below 8.34, but the possibility that

mercerization was not complete cannot be execluded.



Be. Gellulose Derivatives

1. Experimental part

The infrared absorption spectra from 7.6 to 1 of
evaporated films of some nitrocelluloses, cellulose acetate,
and methyl and ethyl cellulose are shown in Figs. 20 and 21.
The positions of the bands in cm.'l are shiown below together
with relative intensities in parentheses.

Nitrocellulose, 10.93% nitrogen 753 (2), 845 (9),
921 (0s), 944 (0s), 99¢ (7), 1071 (9), 1125 (&), 1164 (5),
1211 (0), 1284 (10).

Nitrocellulose 12.55% nitrogen 753 (1), €45 (7),
921 (0s), 944 (053, 998 (5), 1026 (5), 1071 (7), 1125 (4),
1164 (3), 1211 (0), 1284 (10).

1

litrocellulose 13.467 nitrogen 753 (2), 845 (g8),
sg, 944, (0s), 998 (6), 1026 (6), 1071 (8), 1125 (4),

921 (0
1164 (4), 1211 (0), 1284 (10).

Ranie celluloss acetate 839 (0), 878 (0), 905 (1),
951 (%)5 989 (25), 1053 (10), 1127 (4), 1164 (4), 1233 (10),
1323 (0).

Methylecellulose 948 (2), 1020 (5s), 1075 (10), 1121 (9),
1156 (6s), 1201 (2s), 1314 (2s).

fthyleellulose 886 (1), 923 (1), 977 (1s), 1030 (5s),
1060 %10%, 1089 gle), 1114 (10), 1159 (5s), 1183 (2s),
' 0s), 1282 (0), 1314 (1).

411 except ethyl cellulose nhave heen exaumined by
Kuhn (2), cellulose acetate lias been examined by Rowen,

Hunt and #lyler, and nitrocellulose by Freymann and

Freymann (47).



2. Infrared spectrs
As night be expected the infrared bands of films of
cellulose derivatives are not as well resolved as those of
native animal cailulose. Ite spectra of nitrocellulose
and methyl and ethyl cellulose appear to resemble that
of mercerized more thon that of native cellulose, but
ne spectrun of cellulose acetate bears somewhat more re-

semblance to that of native cellulose.

The bands of nitrocellulose in the cellulose region,
8 to 10y, sharpen up appreclably with Increases in the
nltrogen content and it seems likely that tihie "new" band
whiieh appears in the specirs of nitrocelluloses with high-
er nitrogen content at about 9.7 1is present but unresolved
in the spectrum o the nitrocellulqse with the lowest nitro-
gen content. k

ihe nitrocellulose band at about ll.%u appears to
silft about O.lu to longer wave lengthis in going from
12.55 to 13.46 % nitrogen.

It is interesting that the positions of the nitrate
bending bunds correspond fairly closely to those of the
nitrate ion (48), wheress the stretching bands correspond

better with those of nitric acid.
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Appendlx

Table 2

Conversions from Microns to Reciprocal Centimeters
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Figure 1. Reproduction of tracing orf
absorption spectrum from & %o i2um of &

0il on a sllver chloride niate. Note st
ground curve, asproxiaate linearity of -
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to 14.5u of mineral oil mills of i 16h9r glykitols:
erytiritol (wesc-erytihritol), D- aruuLLol, ripitol
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galactitol {(duleitol). The ordinate is transmission.
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Figure 4. Coordinates and numbering of ring atoms
&8 adopted in this thesis for the stajgered sii-
membered ring. The coordinates used by Herzberg (11)
for six-membered rings of the indicated symmebry are
also shown.

¥igure 5. Infrared absorption spectra from 6.5
to 13« of liyuid cyclohexane (0.lmm.), tetrahydro-
pyran, and thick and thip filme of p~dloxane. The
ordinate 1is transmission.

Figure 9., Infrared absorption spectra from
7e6 to liy of mineral oil mulls of the cyclitols
mesa-inogf%cl, pinitol (methyl ether of d-imositol)
and seylliitol., <“he ordinate is transmission.
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Figure 6, Approximate normal vibrations of a
puckered Xé ring of symmetry B,. and assigmments in
em.”! for éyclohexane as reported by Beckett, Pitzer
and Spitzer (10). Arrows indicate motion in the xy=-
nlane, plus and minus signs motion parsllel to the
z~axis., All syubols are drawn to the same scale in a
given vibration or degenerate palr of vibrations.
ihe z-components of the motions of the atoms in the
E_ vwibrations are too small to indieate in the figure;
i® the magnitude of the longest arrows in the X
vibrations (f. e, 1 and 4 of E,(b) streteching afid
E (a) bending) is taken to be Gnity the z-components
afe as follows for atoms 1 to 6, respectively:

B, (a) stretehing, #0.175, #0.0875, -0.0875, -0.175,
~0,0875, # 0.0875; E_(b) stretching, 0, #0.152,
#0.,152, 0, ~0.152, -8.152; &_(a) and E_(b) bending,
thie same magnitudes as for tﬁe correspbnding stretch-
ings, but opposite signs. The z-couponents of the
motions of the atoms in the A and Azu vibratious
are identically zero. lu
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Figure 7. Methylene bending vibrations of c¢yeclohex~
ane, as determined by thf assumptions given in the text,
and asslgnuments in cm.”* as reported by Beckett, Pitzer
and Spitzer (10). Peripheral symbols represent the mo~
tions of egquatorial hydrogens, interior those of polar
hydrogens. Dotted interior arrows represent polar
hydrogens below the plane of the paper, solid interior
arrows those above the plane of the paper. All symbols
are drawn to the same sgcale in a given vibration or degen-
erate pair of vibrations. ‘
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Figure 8, Assignments of infrared and Raman bands
of teurahydroiyran and p-dioxane in the spectral region
700-1500 em. —. +he assignments reported by Beckett,
Pitzer and Bpitzer (10) for cyclohexane are shown at the
top. The letters s, r, w, t and se indicate stretching,
rocking, wagging, twisting and seissors, respectively,
Ramen lines from Kahovep and Kohlrausch (13). “he
letter (a) or (b) near some of the arrows identifies
the number of the degenerate pailr which the arrows re-
present; where space pernits the ldentifying letter is
placed to the left of its arrow,
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Figures 10-14. The infrared absorntion spectra
from 7.6 to 14y of mineral oil mulls of sume hexoses,
pentoses and derivatives. BRhamnose, isorhamnose and
fucose are the 6-desoxy derivatives of mannose,
glucose and galactose, respeciively., The ordinates
are transmission.



| | , [ An

| |
e ‘

I
«-D-GLUCOSE ANHYDROUS

\
|

|
A#-D-MAN
|

& -D-GAL|rCTOSE l ‘ ’
W
u-D-TALTSE ‘

|

4 13 12 1"

Figure

T

o-D-XYLOSE |

D- LYXOSlE \ ‘ ‘

L'ARABIN:OSE C(!rclz CO:MPOUNI%)
| ’ | ‘
rost || |

A-D-ARABINOSE

v

D-RIBOSE

|

/

14 13

Figure II.

9

Ex

I

«-D-| |SORHAMNOSE

6- METHYL GLUCO

2-METHYL GLUCOSE ‘

l
N

g

|

10 9
IO-

8

| ! | | ]

[
i |
METHYL GULOSIDE |
| 00012 COMPOUND l
1 1
*METHYL | | W
| D-MANNOSIDE |
|

oL-RHAMNOSE ‘
| | ‘
a-L-FUCOSE
4 13 12 9  8m

Figure 12.

14 13

Figure 13.

[
12 1 10

|
L-SORBOSE ‘ ‘
D- FRUCTOSE |
D- FRUCTOSE ’ 1
c’acu2 CTMPOUT

T T T T [ A

8u

14 13 12 Il 10 9

Figure 14.

8p




10%

Figure 15. Infrared absorption spectra from 7.4 to
1§A(of mineral oll mulls of some disaccharides which
contain only glucose units: p-maltose monohydrate

4-g-D~glucose «-U-glucopyranaside), A~celiobiose
b=B-D-glucoge p-D-glucopyranoside), hydrol (probably
mostly isomaltose, or G6-b-glucosge d-D-zglucopyranoside
(s8)) and oy x-trehalose (l-{(x-D-glucopyranose) «L=D-giu-
copyranoside). The ordinste 1s transmission.

rigure 16, Infrared abscrytion spectra from 7.6
to liu of mineral oil mulls oi sowe disaccharides which
contain galectose: os-lactose monohydrate (4-o-Deglu-
cose B-U-galactopyranoside), A-luctoge, and #-neolactose
(4-p~D-altrose B-i-galactopyranocside). See also
meliblose in Pilg. 17. The ordirate is trarsuaission.

Figzure 17. Infrared abvsorption spectra from 7.6
to 14 of wmineral 91l nulls of some trisaccharides and
reluted disaceharides: raffinose pentahvdrate (1-
[6-{K-galactonyranosyl)-ad-D-glucopyranose] g~ fructo~
furanvside), A-melibiose dilydrate (6-4-D-glucose
d—u—galactnpﬁrahoside), sucrose (i-o=-u-zluconvranose
A-bU=fructofurinoside), turanose (3-+-=f{ructose &K-D-zlu=-
copyranoside) and melezitose dinvdrate (2—[}-( ~glUu-
copyraaosyl)~ﬁ@kﬁ~fructcfuranose K-D-glucoprranoside),
The ordinate is transmission.
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rigure 18. Infrared absorption spectrs from 7.0
to l4m of mercerized and unmercerized animal celiulose
(tunicin) and of mineral oil mulls of soue degradation
products of cellulose. The ordinate is transalscsion.

figure 19. Infrared absorption spectra frou 7.6
t0 l4m 0f cellophane (0.001 mm.), a film of soluble
staren evaporated from o0k alcohol-water, and some
degradation products of starch: maltose film (evapor-
ated from H0% alcohol-water) and mineral oil mulls of
the Schardinger dextrins (- andg-dextrins probably
cyclohezuanylose and cycloneptaamylose, respectively,
after ¥rench and Hundle (49)). 4ihe ordinate is trans-
mission,

Figures 20 and 21, Infrared absorption spectrs
from 7.6 to 1y of films of some cellulose derivutives:
cellulose nitrate containing 10.96, 12.55 and 13.406%
nitrogen, cellulose acetate, methyl cellulose and etnyl

cellulosz. The ordinates are transmission.
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Propositions

wodium ditihdionite has long been used in industry as a
reducing agent. It is proposed that sodiunm dithionits
itsels is only a rather weak reducing agent and that
sulfoxylic acid is the active agent in acid solutions

of dithionite,

Cox, Goodwin and Wagstaff (1) have observed that the
crystals of many pyranose sugars and derivatives show

a smsllest unit cell dimenseion which is remarkably in-
dependent of configuration and is incompatible with a
strainless trans gyrénose ring. They explain this ob-
servation and some others in terms of a flattened,
strained conformation of the pyranose ring. In part III
of this thesis it is shovn that equally satisfactory
exnlanations can be given in terms of a modified chair-

form ring wihileh is less strained than the CGW model.

a., The phenoménon of retrograde condensation is often
observed in binary systeus at temperaturss above the_
critical temperature of one of the comronents. A
discussién in terms oi' the differentisal equations of
the equilibriuam lines of & P vs. x diagran is proposed.
h., It is suggested that the compositions of the tw

phases in such systems be studied by use of untraviolet
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‘or visible spectrozhotometry.

In view of the demonstrated stanility of the chair-

type six-membered ring the decalins and their substi-
tution products should be rediscussed. A considera-—

“tion of melting points raises the cuestion as to

witethier the isomers of 2-decalol have been pronerly

:identified¢

Recently a complete vibrational assignment has bheen

made for ethylene imine (2) on the assumption that

1ts moments of inertia are not much different from

those of ethylene oxide. An at least equally satis~

factory assignment may be nade 1f one assumes that

the least and intermediate axes of inertia have been

interchanged with respect to etihiylene oxide; such a

model is not in disagreement with existing eleciron
diffraction results (3). A microwave investigation
of ethylene imine such as that carried out on ethylene
oxide by Gwinn and co-vorkers (4) will be necessary

to resolve this guestion.

Une night expect that samples which are being exanined
at the focus of an infrared microscope would heatbt up
excessively, but experinmentally such is not the case.

It is proposed that sample$ wnich are too thick to be
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suitable for examination in the infrared would indeed
heat up excessively, but that for the thin samples
getually used much of the absorbed energy is re-radia-

o

ted.
a. It has lonzz heen recognized thet & considerstion

assignments for polyatomic wmolecules,
to have attenpted it so far. It is
molecules in which reaonancé hatween
diffferent charge distributions is not
important, the intensities of infrared bands nmay be
discusgsed in termg of the motions of formal chﬁrgeﬁ.
Be By means of ﬁhis aporoach it is possible t9 show
that seyllitol, the all-trans cwclohev@rehexol, must
have 81l equatorial rather than polar hydroxyvls. JLhe
above aznd other examples sre descrioed in this thesis.

It is suggested that the infrared spectrs of dilute

o
ir

solutions of water in sulfuric and in nitrie acid

be exanined to deterains vhether bands characteristic
O 7 Yoy g | T wd +lh NH

of th can be obhserved., 8y analogy with NH

irequency bhand

o

3
wnich doeg not aponear with H.O might be

ected if HBD exists in apprecianle concentr: tion.
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In discussing the isomerism of cyclohexane derivatives

it is always assumed that the potential barrier be-

~tween the two vossible chair-forms is sufficlen®ly

low that equilibrium is attained too rapidly to per-
mit isolation of either form. It is suggested that
this may not be so for the cyclonexanehexols and
relsted compounds and that eri-meso-inosose, 7or exam-

ple, might be resolvable into d- and 1- Forms,

It is suggested that abstractors of French articles
for Chemical Abstracts be informed thiat "1'" and
Hatt gre not necessarily synonymous with "l-% and

ni-n (5),
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