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correlations between the nature of the substituents and the freguency
of absorption bands.
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values for the constants involved, solution of the equation will again
lsad to energy levels with spscings corresponding to the energy of
photons of infrared radiation emitted or absorbed by mt- substance.

Since the use of the potential funetion of an harmonic oseillator
in the SehrSdinger equation leads to a raumah:’w solution, it would
appear to be possible to trest the molecule as a system of vibrating
masses according to the methods of classical physice., In faet, this
is the method that has been applied to many compounds with considersble
~suceess. The molecule is considered to be composed of a system of
point masses {the atomic nuclei) with the bonds between the masses
having different resistsnces to deformation in the orthogonel direge
tions, For the case of u diatomic molecule the differential equation
for the harmonis oseillator is ~kx « ud®x/dt?, where k is equal te the
change in the bond strength per unit change of internuclear distance at
the equilibrium internuclear distange, x is the chenge of internuclear
distance, and u is the reduced mass of the systems "1’“&/“}, +my).
Solution of this equation lesds to the equation: v = %‘ﬂ \/;/?,
vwhere v is the frequency of vibration. These calculated frequencies
correspond to the cbserved infrared frequencies if a reasonable velus of
k is used, Several methods of estimeting the value of k have been
described, such as Badger's mh.a

Olassically, & vibrating system will absorb or emit light of the
frequenay of the vibration if the vibration causes a periedic change of
dipole moment. The selection rules in quantum mechanics that determine
whether or not a particular transition between the ground and excited
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the molecule, In the case of 0-H groups, & particular vibration may
involve motion of more than one hydrogen atom but there will be little
motion of, for example, oxygen or halogen atoms. These characteristic
group rmmias are ussful for the indieation of the presence of
particular funotional groups, particularly since the vibrational groups
often correspond to the funotional groups of intersst to the chemist.
By means of the characteristic group vibrations it is often possible to
make some estimste of the structure of a compound even though ne
spectrum of an authentic sample is available for compsrison. The
slight changes in the frequenay of vibration of the functional growp oan
alse give important informetion about the enviremment of the group., An
mpﬁ&c is the shift of OH and HH stretehling vibrations to lower
frequency when the group is invelved in a hydrogen bond.

The availability of commercial infrared spestrephotometers in the
last decade has made possible the colloction of spectra of a large
number of compounds, providing deta for empirical correlation of spectra
with structurs. Observed charasteristic absorption frequencies have
been collected in the form of charts by Ww.z Barnes, Core,

Stafford, and wifm».m,h Randall and M!asm,s and @e;mm;.é Although
these charts are useful as a means of indicating where to expect chare
acteristic ebsorption bands for the various functionsl groups, an under.
standing of the theory of vibrational spectra is essentisl for correet
interpretation of infrared spectrs.

In epite of the relative complexity of aromatic compounds (the
sinplest compound in this series, bensene, has twelve atoms,

30 vibrational degrees of freedom), their infrared spectra have received



o
considerable attention. The most complete work of assignment of infrae
red and Ramen bands to vibrations of an aromatic molecule has been done
by Ingold and bis grmxﬂ on bensene. Less complete work on the spectrum

of benzene has been done by Miller and Crauford” and by Crawford and

9mgetheﬂ. The lower symmetlry of the substituted bensenes

nakes assignment of their vibrations more difficult than for benzene, but

Parr,

some work has been done on individual ,miamalaa.f The assignmente pre-
viously made in the cese of bensene can serve as a useful guide to the

vibmtﬁ.éna of the substituted benzenes. For sxample, Pitser and swttm

] gnments of the vibrations of toluene and some other methyl
substituted benzenes hy compa

ison with the spectrum of benszene rather
than by s complete vibrational snalysis. Plyler'™ has studied the
spectra of twelve substituted bensenes in the 15 to LO mieron region
and has made assignments based largely on those of Pitser and Scott.l”
Similarly, Depaigne-Delay and Lecomte'" have studied & series of sub-
stituted benzenes from 5 to § microns and have made tentative assign~

ments based on symmetry considerations. Bell, Thompson, and Vagol
and Cole and ‘rhmapcmu‘ have considered some of the outeofw-plane
vibrations of substituted benzenes, basing their aseigmmenis of vibrae
tional frequencles snd amplitudes on a simplified normal coordinate
treatment with two foree constents. One of the conditions that they
placed on their results was that they should agree with the resulis of
Pitser and Seott.l0

Other studies of the spectra of aromatic compounds have been
designed to find the characteristic frequencies of vibration without
necessarily assigning the frequenciss to particular vibrations. Some of
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literature on the spectra of eromatic stsnnanes. For the sbove reasons,
pany aromatic silanes and stannanes were included in this study.



EPERIMENTAL

Most of the speotra were recorded on & Baird Associates lModel B
infrared nmmmmmla uveing a sedium chloride prism from
2 to 16 miorens and a potassium bromide prism from 12 to 26 microns.
The spectrs in the 3 to L mieron reglon of some of these compound
recorded on & Perkin-Elmer Model 112 spectrophotometer using a calcium

fluoride prism, Wavelength calibration of both instruments was done by
scenning the spectra of polystyrene, carbon dioxide vapor, and estmen
Kodak Technical grade 1,2,k-trichlorobensene., The wavelengths of the
absorption bands of thess compounds have besn measured scourately at
the National Bureau of SW.W

The spectira of all solids were

| ned with the sawple in the
form of a mineral oil slwrry and occasionally in solution. The specire
of liquids were obtained using the pure liquid in 0.1 mm, cells and
thinner cepillary cells of unknown path length. Most of the compounds
studied were either commercially availsble or wers supplied by members
of the Chemistry Department of Iowa State Oollegs, and were used withe
out further purification unless there was reasen to doubl their purity.
If purification was necessary, standard methods of distillation and

reerystallination were used,
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the assignments of Pitger and 3@@%.}“@ Bell, Thompson, and ’é’agan

calgulated the fwgnm of some of the sbsorption bands, sssuming that
the substituents did not participste in the vibratien. Their treatment
uged only two foree constants. Later, Cole gnd Thmpamm obtained
slightly better agreement with experimentally observed frequencies by
repeating the calculations with & revised value for one of the foree
conatants, The nature of the vibrations in all of these assigmments
was sssentislly the same, differing enly in detail, The form of the
vibrations for some types of substitution, as caleulated by Cole snd
mm‘“uemmmpz(wmmmummmpmw
the W, - indicates motion below the plane of the paper; the numbers
izidiegm relative amplitudes of motion).

While examining the speetra of a large nusber of aromatic compounds
it becams evident that the frequeney of the bands between 11 and 15
microns did not slways correspond to what weuld be expested from the
arrangement of the substituents, particulsrly if one or more of the
substituents was a nitro or carboxyl group. The same effect has been

noted by Flett®

3 for the substituted bensole acids, though he did not
investigate the matter very thoroughly ner did he propose any explana-

tion for the anomslies.
Effest of the Mass of the Substituenta

The effect of the mess of the substituent groups on the frequency
of the benszene ring vibrations is best studied in the monosubstituted
benzenss in order to avoid steric effects and the complication of having
two groups change at once., When the effect of changing the mass of the
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Monosubstituted benzenes
723 cm™L

+5.71 +5.71

Para-disubstituted benzenes
837 em™L

+15.43

1,2,L-Trisubstituted benzenes
830 cm'l

Figure 1. Form of some out-of-plane vibrations of substituted benzenes.

From data of Cole, A. R, H. and H, W. Thompson, Trans. Faraday Soc.
L6, 103 (1950).



substituents in monosubstituted bensenes is established, 1t may be
possible to extend t!m correlations to more complex cases.

Golthup® indicated strong absorption bands for monosubstituted
bensenes at 680 to 720 em” 1 (13.9 tc 1.8 microns) and 725 to 775 om
(12,9 %o 13.8 microns). No correlation was found between the mass of

]

the substituent group and the position of the lower frequency band, but
the higher frequency band showed s definite shift to lower frequency
mthm@rqurmammmmw the ring, as shown in
Figare 2. This graph is a plot of frequency vs. mass of the substituent
of the typs (phenyl) M, whers n is the
valence of the substituent atom, M. Although most substituent groups
affect the frequency of the absorpiion band in 2 meomer dependent on

atom for a group of compound

the mass of the ntma’kmwmmarmg; there sre some striking
exceptions., For exsmple, since the frequemcy of this vihwation in
toluene is 720 om 1, the methyl gr ough it were very heavy,
Similarly, in bensoic scid the vibration is at 807 an"L, 8o the carboxyl

oup scts as

group asts &s though it were much lighter then t&w astual mass of the
carbon atom. The general trend towards lower frequency with increasing
mass of the substituent cam be readily understood. In deuterobenzens
it is probebls that the vibratiom involves some motion of the deuterium
atom, increasing the energy of the vibration. As the substituent atom
becomes heavier it moves less and less in the vibration so that the
snergy of the vibration decreases.

An attempt was made to correlate the frequency of the 12 micron
bend of para~disubstituted bengenes with the son of the mssses of the
two substituent atoms. Most of the points fell close to a smooth curve
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Figure 2. Frequency of the C-H bending vibration vs. atomic weight
of substituent atom for monosubstituted benzenes.

See opposite page for key.
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Table 1, Chsracteristic Band Shifte for Various Substitusnt Groups

Gompound- Oroup MW’{m‘i) Shift (m"‘i)
Triphenylmethane
. Transestilbene
Toluense
Bthylbenzens

t~Butylbengene
Be alechol
Bengyl chloride
Bensotrichloride
Benzonitrile

>‘ “ yiae
Bensoyl chloride
Henzoic aci
Sodium bensoete

friphenylstibine
Tetraphenyllesd

R3E
rors WEGEN EENOR 8

73

37 addition %o the sbove ma,':m a compariscn of several
oompounds the values of 9 for the CHy group (except where otherwise
oted) and 36 for the phenyl group were chosen as giving the best fit

- foy the data.
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Similar correlations to the corrslation of Figure 3 can be shown
for certein bands of meta~disubstituted bensenes, GColttup® 1isted two
strong bands ab 675 to 730 on™ (13.7 to 4.8 microns) and 750 to 810 on™
(12,3 to 13,3 merons) and & moderately strong band at 850 to 900 eu™
(11.1 to 11.8 microns) for meta-disubstituted bensenss. The band at the
lowest frequency appeared to be relatively unaffected by changes in the
substituenis, as was the lower frequency band in this region of monosube
stituted bensenes, but the other two m&: shifted regularly with changes
in the substituent groups, Shown in Figures L and 5 are the observed
frequencies of these bands as a function of the sum of the shifts caused
by the two substituents in monosubatituted bensenss. The same general
trends that were found for the pars~disubstituted bensenes appear in the
corresponding greph for the mwmﬁaﬁmm bengenes, but with some~
what more soattering of pointe, particularly for the 850 to 500 en™} band.
In several ceses it was not possible to choose ome band as the outeof-
plane hydrogen bending vibration, The vertical lines in Figures 4 and §
conneet points which were found for an individeal compound.

As in the other disubstituted bensenes, a correlation was found
for the ortho-dlsubstituted bensenes betwsen the frequency of an sbsorp-
tion band in this same general region and the sum of the shifts produced |
by the two substitusnt groups in the menosubstituted bensenes. Orthoe
disubstituted bensenes have one strong absorption band in this region,
listed by Colthup® as being between 730 and m ™} (13,0 to 13.7
microns), Figure 6 shows the gorrelation betwsen the nature of the
substituents and the frequensy of this absorption bend in the ortho
disubstituted benzenes., The scattering af‘f win'ﬁn is considerably greater
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Figure 7. Spectra from 11l.5 to 1l microns of some
para~disubstituted benzenes.
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The 1,2,h-trisubstituted also had an extra band st sbout
13 microns and, strangely, it appeared whethser the other twe substit.
uents were in the 2,h=, 2,5«, or 3,h~positions, with the nitro or

carboxyl group in the number 1 positien. It is rather strange that
this extra band should appear only in these few cases and that it
should then be present regardless of the exast arrangement of substit.
uents, In both the para~disubstituted and 1,2,hetrisubstituted come
pounds the bend was not observed 1f mere than one of the substituents
was & nitro or carboxyl group. |
Evidenve Indisating Hydrogen Bond Intersctions
botweon Substituent Groups and Ring Hydrogen Atoms

In addition to the introduetion of a new sbsorpiion band into
this region of the spectrum, nitro and carboxyl groups and salts and
ssters of carboxyl groups were also found to csuse abnormally large
shifts of the oute~of-plane hydregen bending vibrations to higher
frequencies., These groups ast as though they are extremely light,
causing even greater shifts than deuterium, lightest of all the sube
stituents, as is shown by the data of Table 1 and Figures 3, L, 5, andé.
Figure 7 also shows this shift in the case of & few para~disubstituted
bensenes. The effect of these groups is, however, most striking in the
monosubstituted bengenes. Pigure 8 shows the normal band pattern in
this region for monosubstituted bensenes. There is a strong absorption
band between 680 and 720 om™> (13,9 to 1h.8 microns) snd another of
sbout the same intensity between 725 and 775 om - (12.9 to 13.8 microns).
Figure 9 shows the changes caused by certain substituents. The lower




TRANSMITTANCE

PER CENT

2=

__<:>NH2 .

l | |

WAVELENGTH — MICRONS
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monosubstituted benzenes with anomalous
band patterns,
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frequensy vibration ie apparently unaffected, but the higher frequency
band is displsced well sbove 775 on™t and sppsar
intensity. The decresse in intensity is most striking in etlyl
‘benzoate, where the higher frequensy vibration hes nearly disappeared.
The spectrum of benzene sulfenyl chloride has alse been included in
this group, although it is normal except for an extra band at about
13.9 miorens that is apparently caused by a vibration of the 850,01
group, The spectrum of this compound will be discussed in more detall
later,

As further indication of the shifts in frequency cesused by the
@mwmﬁmm, Table 2 liste the frequency of the 12 mioven
band in several pars~disubstituted bensenes. For the substituted

toluenes and dibalobensenes the characteristic absorption band is
betwesa 800 and 520 om '3 in each of the compounds in which ome of the
substituents is a nitro or carboxyl group the band is displased to
840 to 855 em™j 1f both of the substitusnts are mitro or carbexyl
groups, there is an additdonsl displesement to about 880 cm s

In other cases, band shifts may be observed even if the same sub~
stituents are arranged in similar ways. An exsmple of this is the
pair of isomers 2,k and 2,5«dimethylbenszoic acid. Both are
1,2,li-trisubstituted, yot 2,ledinetiylbensosc acid has its character-
istic band at 8Ll en™ and the 2,5-acid hes its band st 822 en”'., This
ocannot be a steric effeet because the adjacent substitusnts ere the same
In the compounds in which the carboxyl group is
replased by a triphenylstannyl group the band is at 619 em™> in the
2,liedimethyl compound snd at 817 em™> in the 2,5dimetiyl compound.

m both compounds,




Tabls 2, O-H Bending Frequencies for Pars-substituted Benzenes

Frequency (om™2)

pFluorotolnens -
p-Chlorotolusne

| pumrmwlusm

| prlodotoluene
priokloroenzens
pwmhwmmm
M&ammmm
p~Tolunitrile
p~Ghlerciedobensens
pelylens
p=Toluie Acid
peAnincbensoie Acid

peliydroxybensele Acid
p-Ghlorobensois Aeid

p-Bromobenzois Acid
Torephthalie Acid

g1s®
8Sog*
so3*
8o0%*
8z0®
s
8148
81k
3
94°
829

£ &

856
853
853

orh
862

®Data from A. R. H. Cole and H., W. Thompson, Trans. Farsdsy Soc.

Pimerican Petroleum Institute Research Project lhi. Carnegie

Institute of Techno)
Yo, N2,

3

ogy. Catalog of Infraved Spectral Deta. Serisl
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Examples of the affect of sterie interactions on the frequengy of the
out~ofwplane hydrogen bending vibrations in ortho-disubstituted
bensenes are discussed later in this sestion, |

As was mentionsd previcusly, the bands in this n.,omu,ﬁ, gorrespond
to the outeof-plane G-H bending vibrations of the arometie mucleus,
Some of the factors that might affeet the frequency of these vibrations,
?n&»ﬁgg the mass effect alresady discussed, are (1) changes in
the bending forve constants brought ebout by differences in the electren
distribution as the resonance structure is affected by the substituent,

- {2) coupling with some other vibration of the molecule, and (3) inter~

sotion of hydrogen atoms on the ring with sultably oriented atomg of
the substituent group, IR

If the observed frequensy changes are gsused by a change of the
resonanse structure of the ring affecting the bending force constants,
the spectra of bensonitrile, nitrobensene, and benzoic seid should be
sinilar in the 675 to 900 eu™* region sinse, as is shown ky the mete-
directing property of the group and the large dipole moment of bensonie
trile, & nitrile group affects the resonance strusture of the ring in the
same mgnner and to about the same extent as a nitro or carbexyl group.
w»wﬁdu.w and 9 show that the frequency and intensity of the C-H bending
vibrations sve entirely different for bensonitrils than for bensoic acid
er nitrobensens. Similarly, for para~disubstituted bensenes, Figure 7
and the data of Teble 2 show that the frequensy of the GeH bending vie
bration in psrs-tolunitrile is much Jower than the frequencies for para~
substituted nitrobenzenss or benzoie acids, Further evidenge ageinst any
pronocunced effect of resonance becomes spparent from en examinstion of



-32m

Figure 2, If resonance sffected the «ng?m foree constante to any ap=
§ﬁ§u¥ extent, the frequencies a.am,agw diverse compounds as tetra~
phenyl lead, where there is little resonance interaction betwsen the
ring and the substituents, and the halobenzenes, where there is a good
deal of such interssctien, should not mag ‘the same relationship.
 Goupling of the C~H bending vibrations with some other vibration of
the molesule might also account for the observed changes in frequency of
the absorption bands, Both nitre and earboxyl groups vibrate st frequen~
oles somswhat below 650 en™, snd these vibrations might couple with the
C-H bending vibrations, It is important to note that the band between
680 and 720 ea™ 1 menosubstituted bensenss doss not sxhibit a signifi.
cent frequency change in nitrebsnsens or bsnzoic aeid even though this
band would be more likely to couple with the vibration of the nitre or
_carboxy) group, being of more nearly the seme frequency. Both the 680
gqmcgswgﬁngg‘%%ﬁmgwgaﬁgﬁ in the same sym-
metry class.)® In this ssme connection 1t is interesting to look for evi-
dense of soupling between the G-H bending vibrations of the separate rings

in condensed ring compounds, The spectrum of naphthalens®® in the vaper
phase shows no discernible splitting of the band at 779 en™ . Exanina-
tion of the spectra of other polynuclear aromatiscs shows that, as a gen~
eral rule, there appears to be no strong coupling betwsen the vibrations
of the verious rings, even though sush interastions might be expected.

~ The effest of & nitro or carboxyl group on the CeH bending frequen-
cies can be most simply explained by the interaction of a ring hydrogen
atom with a suitably oriented electronegative atom or group, i.e., the
formation of a hydrogen bond. Hydrogen stretching vibrations are known
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to move to lower frequencies when & hydrogen bond is formed. This
change in frequency ¢an be explained by considering that less energy is
required to move a proton aleng the line between two attractive cemters
thgm is needed to move the proton the same distance away from one attrac~
tive genter. In contrast, for a bending vibrstion such as iz involved
here, more energy ism@pétaum the proton eut of the line betwsen
two sttractive centers than is required simply for the bending of a
single bond, Hydroges bonding should cause the bending vibrations to
oeour at higher frequencies than in the wm case, in agreement

with the expsrimentally obaerwved change in frequency,.

A study of the erystal atructures of some aromatic nitro compounds
and carboxylic acids lends support to this interpretation of the effect
of nitro and carboxyl groups, When an elecironegative atom is forced
by the geometry of the system to lie close to & ring hydrogen atom, an
attractive force of the type usually called hydrogen bonding mey be ex-
pected. The crystal structure of diethyl terephthslate was determined
through Xeray methods by Bailey,?” The distance between the carbonyl
oxygen atom and the carbon stom closest to it on the ring was found to
be 2,85 ¥ 0.05 angstroms, and for the other oxygen atom the distance of
spproach to the closest ring carbon atom is only 2,69 3 0.05 angstroms.
Assuming & pormal bond angle and distance for the ring hydrogem, the O-H
distance in the latter case is aliwt 2.2 angstroms. The 0~O«C bond
angle found by Bailey is 117°, which suggeste an SP° configurstion for
the oxygen atom, so that the ring hydrogen atom is probably located
within the region occupied by ihe unshsred pair of electrons of the
oxygen atem. The interatomic distances and angles are similar to those
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found in catechol, whare there is known to be s hydrogen W.w The

effect of resonance in a carboxylic aeid is to plage & partial posi-
tive charge on the ortho carbon atom, veskening the G-H bond, and te
place a partial negative charge on the oxygen atom, which would
strengthen & hydrogen bond.,

The Xeray structure of pava~dinitrobenzene was completed most
recently by Ahmiam.& From the position of the atoms in the erystal
lattice the distance between the oxygen atoms of the nitro group and
the ortho oarbon stoms was found to be 2.71 2 0.03 angstroms, a short
enough distance for the formation of a noderatsly styrong hydrogen bond,

Figure 9 shows that the sulfone group in bensenesulfonylehloride
does not have an appreciable effeet on the frequensy of the C-H bending
vibrations, even though the oxygen atoms appear to be favorably
oriented for formation of a hydrogen bend. The structure of
b&aphw}.mlfmhuﬁﬂdﬁ” shows that for a sulfone group attached to s
bensens ring the carbon to oxygen distance is about 3.0 angstroms,
apparently too large & distance for formation of & hydrogen bond.

_ The data for only one acid and cne nitro compound are discussed
here. The interatomic distanses should be about the same im other
sromatic eompounds with these substiiuents unlese steric factors cause
rotation of the group out of the plane of the ring, the imcreased imter-
atomic distances then inhibiting hydrogen bonding. Francel’’ has
determined the orientatien of the nitro group uuh respect to the plane
of the ring, by the use of polarised infrared light, end has determined
the frequenoy of the out-of-plane (-H bending vibhrations for four
nitrobengenss. In orthe-nitrophencl end ortheenitroaniline the nitro
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group 1s in the plane of the ring and the C-H bending frequencies are
748 and 747 en™}, respectively, while in ortho-chloro and orthoe
bromonitrobenzene the nitro m 4is rotated out of the plane of the
ring and the G-H bending frequencies are 732 and 731 an™', respectively.
In the ‘wmupmémg earboxylic acids tiw carboxyl group ls in the

plane of the ring in salicylic asid®® (762 en™ ) and may be sssumed to
be in the plane of the ring in anthranilic seid (755 ea™) and rotated
out of the plane of the ring in orthowchloro and ortho-bromobenszoic

soid (7hh ew™® for both). In all cases m effect of steric fastors
osuaing rotation of the group out of the plane of the ring is to shift
the C-H bending frequencies in the direction expected if a hydrogen bond
1s being troken.

The sarbon to oxygen distance in aromatic aldebydes, ketones, or
acyl halides should be ebout the same a& the carbonyl oxygen to carbon
distance in dietlyl terephthalate, sbout 2,85 angstroms. The hydrogen
bond in these compounds would then be weaker than in nitrobensene or
benzolc aclid though stronger than in bensenesulforylchloride. In
bensaldeiyde there is a bend at 13.38 micrens (748 cn™)) and in
bensoylehloride, at 12.88 microns Q??‘? enl). ipparently, the frequency
of the band is little affected until the carbon to exygen distance is
less than sbout 2.8 angstroms. In bensoylehloride, the chlorine atom
probably comes close enough to the ortho hydrogen atom to form a hydrogen
bond, theugh this bond does not appear to be so strong as that in
bengolo scid or nitrobensene,

This hydrogen bond intersction provides an explanation of the small
frequency changs of the 680 to 720 en™> band in momosubstituted bensenes
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triphenylacetic acid, shown in the 13 to 1k mieron region im Figure 10,
It is seen that m:xmm aeid has a single absorption band at

13.27 microns (75k en™l), diphenylacetic acid hes two sbsorption bands
at 13.32 and 13,63 microns (750 m 734 oen™Y) of about equal intensity,
and triphenylecetic aeid has two sbsorption bands at 13.13 and 13.60
miorons (761 and 735 en"™l) with the latter sbout twice es strong as the
former. FishereHirschfelder~Taylor models of these comppunds indicate
that steric factors prevent the formation of morve than one GeHe0
hydrogen bond, so that the spectra may be interpreted as follows:

The single band in the spectrum of phenylacetic acid is due to vibra-
tiens of the hydrogen atoms on the ring as affwm by hydrogen bending,
and the two bands of sboul equal intemsity in the spectrum of diphenyl«
acetic acid are attributed to the O-H bending vibrations of the unbended
ring (13,63 microns) and the bonded ring (13,32 microns). A similaer
argument applies to triphenylacetic asid. Both the intensities and
frequencies of the absorption bands can be interpreted in this way.

In &1l thres of these compounds the carbonyl stretching vibration
is at 1700 m"’“. In methyltriphenylacetate the carbomyl stretehing
vibration is at 1725 en"! and the C~H bending bands are st 748 snd
760 ew™l, In triphenylsilyloarboxylic seid and triphenylgermanyl-
carboxylic acid the carbonyl stretohing vibration is at a somewhat lower
frequency, 1650 en”>, and in both of these compounds the G~H bending
vikration is not split into two frequencies, there being single bands at
7h2 and 737 m"’l, respeotively. In the methyl esters of these two acids
the carbonyl stretohing vibration has shifted to 1690 en"l and the G-H
bending vibratien is split into two bands st 7hO and 752 am™t for the
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Figure 10, Spectra from 13 to 1k microns of (from left to right)
phenylacetic acid, diphenylacetic acid, and triphenyl
acetic acid as mineral oil slurries,
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silicen compound and 733 and 747 ea™d for the germanium compound

both cases the lower frequency band is sbout twice as intense as the
higher freguengy band, just as in triphenylacetic acid, There is, then,
8 close relation bem the frequency of the carbonyl stretehing
vibration and splitting of the CeH bending vibration, indiocating that
the carbonyl group is congerned with the foroes responsible for the
splitting of the CeH bending vibration. This data is relatively eusy
to interpret on the basis of the hydrogen bond hypothesis, but would
probably be more diffiecult to explain in sny other way.

Besides oxygen, other ele¢tronegative atoms, such as fluworine snd
ehlerine, can aleo act as acoeptor atoms in the formation of hydrogen
bonds. A hydrogen bond may, therefore, be present in gompound

bensotriflvoride and bengotrichloride in which there is a favorable
spatial configuration., The infraved spectra of thess compound
indicate that such & bond is formed, though it is not so strong as the

bend in bensoic acid or nitrobenzene. The 728 m”a‘ band of toluene

has shifted to 770 eu ® in bensotrifluoride’® and to 805 en”} in
bengotrichloride. Some of this shift, though perhsps net all, appears
to be due to hydrogen bonding. The difference in frequency between
bengotrifluoride and bensotrichloride is probebly caused by the larger
orbitals of chlorine as compared to fluorine, ensbling the chlorine
atom to form a stronger hydrogen bond,

It should be emphasived that the data discussed here do noi provide
proof thet the proposed hydrogen bond sstuslly exists. The hypothesis
merely provides a convenlent way of explaining certain band shifts in a
simple and oonsistent menmer. A particular weakness of the proposal h’
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that 1t fails to explain why s methyl group acts as though its mass
were sbout the same as that of lead or biswath, even though there may
be some connegtion between the apparently large masss of the methyl
- group and the apparently small masses ét nitre and cerboxyl groups.
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report the form of the compound for which the spectra were recorded,
whether in solution or 2s a pure compound, and the frequency values
published by them are in poor sgreement with the velues obtained in
this study. In particulsr, they listed only one frequency for sach
compound while, in reality, the band structure in this region is quite
gomplex.

Table 3 lists the frequencies of ag bands in this region for
several monosubstituted benvenes in carbon tetrachloride solution.
The spectra were obtained on a PerkineElmer Model 112 speetropho-
tometer using a caleium fluoride prism. The precision of the frequency
measuremenis was somewhat dependent en how well the position of the
sbsorption maximum could be determined in the broader bands, but the
ﬁaawgsﬁg error in frequency was about 5 ca”r,

| The most nesrly characteristic feature of the C«H stretching

frequencies of these monosubstituted benzenes was & strong band near
3060 en™>, However, in phenol, fluorcbensens, and phenylboric seid
there was no strong sbsorption band cleser to this frequency than 3045
or 3050 §su.. However, the important faet, from the point of view of
this study, wes that there was no particulsr change in g frequency
in the case of bengelc acid or nitvobenszens. Thus, there was no
general shift of the C-H stretching frequency when a mitro or carbexyl
group was attached to the ring. There was snother strong band in this
region, in the case of nitrobensene and benrole acid, that might have
been a C~# stretehing frequensy affested by hydrogen bonding. This
band was at 2890 g;u., in benumoic scld and 2865 a#tu., in nitrobensens,
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3, Absorption Bands near 3000 om
of Some Honosubstituted Bensenes

Absorptien Frequencies (em*l)s

Benszene ‘
Fluorobensene
Chlorebensene
Bromobensene
Iodobenzens
Tetrapherylmethane
Phenyl Ether
Triphenylstibine
Triphenylphosphine
Diphenyluercury
Triphenylsilane
Beasonitrile
Bensotrichloride
Bensods Anbydride
Benzolo Acid
Hitrobensene
Phenylborio Acid

o8 033

202k

3018, 3007

012, 2997

3038

3021, 300k, 2995
306, 306

28 3069 203
3015
333

3081

T

3033
2067 30k9 3038
3067 3017, 2967, 28%0
E 3035, 2925, 2865
U8 3033

88trong bands are underlined,
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and it wes nesrly ss strong as the band near 3060 em™l in both cases,
Bands near 2870 ot sre more nearly typiesl of aliphatic than of
aromatic compounds. ,

In order to determine whether the band st 2865 cu”l was due to a
C«H stretohing vibration, deuterated nitrobensene was prepared.
Nitrobenzens was chosen rather than benzoic acid because it would be
somewhat easier to prepare and becsuse the asbsorpiion bands of nitroe
benzene in this region were sharper than ﬁwu of benzoic acid, which
overlapped considersbly even in soluiion. Deutersted benzene was
jrepared by the axchangs between D,50, and bensens.”® Sulfur trioxide
was prepared by distillation from fuming sulfuric seid and was
collected in a flask cooled in an ice bath, Heavy water was added to
this te prepsre heavy sulfuric seid, and the concentration of this
acid was checked by density measurements. About 50 mole per cent
@@%mm%mumﬁl%&u@a{mmﬁwmam
several days, the prosess being repeated three times., This gave a
small quantity of partislly deuterated bensene, the ratio of hydrogen
to deuterium being about J:l, based on the infrared spectrum. This
bensene was nitrated acoording to the method of Fieser.’C It has been
shown that in this prosedure there will be only a negligible loss of
denteriwm through exchange and that there ie ne preferential replace~
ment of either hydrogen or deuterium by the nitro group. ‘A;aprmmuhly
150 mge of partially deuterated nitrobenszene was obtained by this
method, in frections of 100 and 50 mg. each. The larger fraction was
digsolved in 1 ml. of carbon tetrschloride snd its spectrum recorded

with the Bsird infrared spectrophotometer and with the PerkineElmer




Model 112 spestrophotometer, using & 0.8 mm, cell. These speotrs
were amod with W of a semple of norma) nitrobensene recorded
under the same conditions,

A9 would bs expected, the band at 3067 e > decreased in
intensity in proportion to the ameunt of hydrogen replased by
deuterimm, and a new band appeared at 2299 on”Y, The band st 2665 om™
d&dmmmmmmmwwmpwm, there being only a
slight change in intensity that could be sseribed to errors in welghing
the sample, adding the solvent, and messuring the transmittancy. This
demonstrated that the bend at 2865 ca™ is not csused by & vibratien
involving the hydrogen atoms, but rather appears to be an overtons of
the -0 stretehing vibration at sbout 1530 em ', The band st 2690 ow™t
in benseic scid is, similarly, probsbly an overtone of the carbonyl
stretehing vibration,

There are some weaker bands in the spestrum of nitrobsnsene in
this region that did decresse in intensity in the partially deutersted
compound. One is at 3035 em™ in nitrobensene and it corresponds to a
band st 2277 ea”" in the deutersted compound. This is a normal O-f
stretohing vibration, analogous to the band at 3033 on™ in bensens.
Another band appears at 2925 eu™* in nitrobensene and it alsc becans
loss intense in the deutersted compound, Howsver, its intensity is
only about one fourth of that of the band at 3070 cw™}, and no GeD
stretohing vibration was found that would correspond to it in the

devterated compound. It is apparently not s (i stretohing absorption
band, m&}am combination or overtone frequency, No other bends appesr

at a frequency high enough to be caused by C-H stretoling vibrations.
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Table L. Band Frequencies near 1000 cu".'x for NHonombstituted Bensenes

with Various Substituent Elements

Subatituent Elements Absorption Bandew

Nitrogen
Carbon

wa? (w), 1070 (w)
1000 (W), 1030 (m}, 1075 (=

{these intensities vary widely

1000 (m), 1020 (s), 3070 (s)
997 (m), 1022 (x), 1070 ()

102k (w), 1090 (e)

1025 (), 1075 (=)
996 (m), 1018 (w), 1067 ()

990 (s), 1010 {w}, 1050 (w)
998 (w), 1030 (w), 1110 (o)
997 (%), 1025 (w), 1090 (s)
997 (m), 1022 (w), 1075 (s)
995 (8}, 1005 (m), 2056 (w)
997 (m), 1018 (m}), 106k (w)

#(s) = strong, (m) = moderate, (w) = weak,
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quite different band structures, but in the 8.5 to 10.5 mieren regien
the spectrs of are two compounds are nesrly superimposable. The same
is true for nitrobensene, tetrephenyllydrasine, snd aniline,

The band pattern is often closely similar for seversl different
elements atisched %o & phenyl group. There doeas not seem to be any
systematic veriation alomg the rows or columns of the periedic table,
although certain similarities can be found. While phenyl groups
attached to silicon, germanivum, oy tin have similer band patterns,
phenyl groups attsched to carbon or lesd have differemt band patterns
than phenyl groups attached to one of the first three elsments mentioned.
Similarly, if the substituent atom is carbom, nitrogen, or oxygen, the
band pstterns are similar, but fluorcbenzene has a different pattern,
All of the halobenuenes have aboul the same band patternm in this region.

Some other groups have strong absorption bands in this regien,
occasionslly interfering with the bends of the phenyl group. The
groupa that cmuse the most serious wagnms%& are the Si-0 group of
siloxanes and the sulfoxide group., Becasuse of the pessibility of inter-
ference from other groups, it is often better te look for the absence
of & band rather then its presente as sn indicstion of the structure of
the compound.

As was mentioned in the previcus section, the failure of the Owf
stretohing and ineplane bending vibrations to change measurably in
frequenay in the pressnce of a nitro or ocarboxyl group doss not disprove
the hydregen bond hypothwsis used to explain the shifts of the outeofw
plane GeH bending vibrations. In order to understand why this is so,
it will be necessary to consider the potential funetions for the three
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aes Possible potential
functions for out-of-plane
hydrogen bending vibrationse.

Angle 8 is measured from
plane of the ring.

be Possible potential
functions for in~plane

hydrogen bending
vibrations,

cs Possible potential functions
for CeH stretching vibrations,

Figure 1l. Possible potential functions for some vibrations of
substituted benzenes, The solid line is for the case
of no hydrogen bond; the dotted line, for the case of
a hydrogen bond involving the ring hydrogen atoms.
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FUNGTIONAL GROUP ANALYSIS OF ARYLSILANES

The recent w&wsﬁmwmmdmm

aryldisilanes containing phenyl and parsetolyl groups made necessary
the development of some method of checking the structures of these
compounds, The similar tetre-srylsilanes were also availsble, ALl
para~tolylsilanes have sn sbsorption band at 12,5 microns and all

of & series of hexe~

phenylsilanes absord at 13.5 and 1h.3 mierons, with lititle veriation in
wavelength. The relstive intensities of the bands due to phexyl and
para~-tolyl groups were cbserved to vary in proportion to the relative
concentrations of the two groups. Various investigators have found
that the intensity of an absorption band is often direotly proportional
to the concentration of the group responsible for the band, and this
proportionality bas been used for the determinetion of the congentra~
tions of verious funciional groups. Integreted intensities over the
entire sbserption band must often be used; but if the shape of the
sbeorption band does not vary too widely, it is possible to use the
more simple technigue of measuring only the peak intensity. For
exanple, & Tesent study by Jones snd others’ of the carbomyl stretehe
ing bends in steroids has shown that the integrated intensity is
characteristic of the particular type of carbomyl group involved
{ketone, scid, eto.) and that the peak intensity is sometimes also
related to the group concentration. Intensities m more sensitive
than frequencies to variations in the strusture of the molecule, but
this cen be satisfactorily taken inte account.

In devising a functional group analysis for the arylsilanes, an
attempt was mads 40 relate the relative musbers of parastolyl and phenyl
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groups te the ratio of the intensities of the 12.5 micron band to the
13.5 mioren and 1h.3 micron bands., In both ceses there was some
correlation between the intensity ratio and the ratio of group cone

~ centrations, but with ¢onsiderable scsttering of the points. Considerable

Lgags was attained by using the sum of the peak intensities of the
13,5 and 1k.3 micron bands, rather then the individual pesk intensities,
* snd plotting the ratio of this sum to the peak intensity of the 12.5
micron band ageinst the ratio of phenyl to paras~tolyl groups in the
sample, The analytical ocurve is shown inm Figure 12,

The method of sumple preparation simply invelved dissolution of a
small amount of the sample in carbon disulfide, the amount of sample
being edjusted if necessary so that the peak transmigsion of the
strongest bend of the three used was sbout 20 per ceat. mgﬁ»a
was an internsl standard methed, it was not nesessary to weigh the
ssmple, A 0.k mm. cell was ussd. The pesk value of 7,/T was determined
for eash of the bands at 12.5; 13.5 and 1k.3 miorons, and the ratio of
the sum of the intensities of the 13.5 and 1L.3 micron bands to the
intensity of the 12,5 micren band plotted against the ratio of phenyl
to pars~tolyl groups in the compound, The compounds represented in
Figure 12 include sll possible tetra~arylsilanes and hexa-aryldisilanes
with phenyl and para-tolyl groups as substituents. They are triphenyl~
p~tolylailane, diphenyldi-p-tolylsilane, phenyliri-p-telylsilane,
pentaphenyl«p-tolyldisilane, ﬁgag?@%?gu.ﬁawgs
tetraphenylel, 2-di-ptolyldisilane, 1,1,l-triphenyltri-p-tolyldisilane,
151, 2«triphenyliri-p~tolyldisilane, 1,l~diphenyltetra-p-tolyldistilane,
1,2+diphenyltetra~p-telyldisilane, and phenylpenta«~p~tolyldisilans,
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RATIO OF PHENYL TO PARA-TOLYL GROUPS

Figure 12, Analytical curve for functional group analysis of
tetra-arylsilanes and hexa-aryldisilanes containing
phenyl and para-telyl groups.
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eleven compounds in all. The points in Figure 12 lie almost exactly on
8 aﬁnwaﬁ. line passing through the origin, indicating that the pre~
clsion of this metbod of funciionsl group analysis is limited only by
the errors in determining the peak absorption intensities.

In order to determine the effect of other groups on this functional
group analysis, the spesira of diphenyl~p«tolyletloresilane and phenyldi-
petolylchlorosilans vere measured in carben disulfide solutien. The
thres peak intensitiss were measured es before end the intensity ratio
caloulated. For both compounds the points fell considerably below the
straight line of Figure 12; a@w if the two points were connected by a
straight line, the extension of the line passed through the origin,
g‘ ,s differsnt snalytical curve must be used if even this slight
change in meleculsr structure is made,

The fact that the sum of two band intensities mast be used for the
phenyl groupy rather than the intensity of a particulsr band, can be

understood from the faot that both vibrations are in the seme symmetry
| ag,ﬁwm so that there is probably some resonance, or coupling, between

~ the vibrations, Sinse this type of interastion involwes mixing of the

wave funciions corresponding to the two excited states, and since these
wave functions determine the intensities of the bands, it is natural
that there is some mixing of intensity of the two bands. No other
exanple is known of the wse of 2 sum of twe bend inteusities in a ~
funational group analysis, theugh this technique would seem to be
applicable to other groups as well, particularly methyl and methylene
groups where the O-H stretehing vibrations are split bty coupling.
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Table 5.

=59

Frequengy of the 6 Vibration in

Monosubstituted Bensenes

Tetraphenylplumbane

Hexaphenyldiplumbans

552 (mineral oil slurry)
mﬂi

si2
so8

BT
L75, hé5
W61

3&53‘
hhé
ue®
kho
h39

v

*Data of E. K. Plyler, Diso. Faraday Soo. 9, 100 (1950).
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Oonsiderably less information is svailable on the speetra of m
. digubatituted bensenss in this region, but the little that is available
im«mm that structure~spectra correlations should not be too
difficult to establish. %Wp-‘kb%ﬂm has a strong band wb
mmlmaammwummtumwmu ; Mamp-
tolylstannans has a similar spectrum with s strong band at L8k em™ 2 and
s noderately strong band st 580 eu *. The similarity betwsen the
_spestra of the two compounds is striking snd the change in band
frequeney with the mass of the substituent atom is the same as for the
hexgep-tolyldisiloxene are similar to the spectrum of tetraepe
tolylailane, and in a series of tetre~arylsilenss snd hexswaridi-
silanes containing both phenyl and p»tolyl groups the bands charag-
teristio of both aromstic groups sre present and readily recognised,
The nature of the vibrations responsible for the absorption bands
in pera-disubstituted bengenes cannot be stated with any degree of
certuinty. In pexylene the bands are at L83 and 645 m‘f’l and have
been sssigned 10 uwm&w&ﬁmma, respegtively. The
form of the 6A vibration is dessribed above, and the 6B vibrstien alse
invelves compression of the ands of the ring but with a slightly
different motion of the sarbon atoms on the side of the ring than in
the 6A vibration., If the assigument of the bands is correst, the G
vibration mast act differently as the mass of the substitusnts changes
in the para~disubstituted bensenes than in the monosubstituted bensenes.
In the mmwmé benzenss this vibration shifts regularly to
lover frequensy with inoressing maes of the substituant atom, with the
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However, the considerably steric effects make it 1ikely that no simple
structure-spestra correlstions will be found in this region for the
ertho~disubstituted bensenes. , ,

Hot enough data have besn collected on mets~disubstituted bensenes
or trisubstituted bensenes to make a discussion of their spectra worthe
while.
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ring is responsible for the band at 768 m‘; in the liquid, and the

band at 615 en™> in the liquid is from the form in which the halogen
atom is in the plane of the ring snd 1s perturbing the G- bending
vibrations. The form in which the halam atem is out of the plane

of the ring is then the mere stable, eince it is the one that persists
st lov temperature. Beoause of the diffioulty with formation of frost
on the windows, it was not possible to study the effect of sooling the
sample further in order to determine whether the band at 817 sm™l
would finally disappear completely.



Throughout the body of this dissertation scme suggestions have
been made for further work. In this segtion, seme of thess will be
repeated in order to collest them in one place, snd some further
suggestions will be made. .

In the 11.5 to k.5 mieren region, it should be possible to improve
on the sorrelation betwesn the nature of the substituent groups and the
frequensy of varieus vitraticns presented in Table 1 and Figures 2, 3,
iy 5, snd 6, In particular, it should be possible to correct for the
effect of nelghboring molecules on the frequencies of the varicus
absorptien bands. If all of the spestra could be obtained for the vapor
state st a reasonably low pressure, the effect of neighboring molecules
would be eliminated, but many of the compounds have too low a wvapor
pressure to permit the observation of vaper phase spectra. The most
fruitful line of sttack would probably be to find some correction for
the effect of the solvent, as previously suggested.

A further study of the band near 13 miecrens in para-disubstituted
and 1,2, hetrisubstituted bensenss with a nitro or carboxyl group as
one of the substituents might show the nature of the vibration response
ible for this band. A normal ccordinate treatment would be inveluable,
but would probsbly be quite diffioult because of the complexity of the
spoctra., Study of the spestra of single eorystals with polariszed light
would at leasi show the direction of change of dipole moment in the
vikration and would provide informaticn that might make a normal
coordinate treatment possibie. The only data aveilable on this 3»&«3
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indieste that the change of dipele mement in this vibration is in the
same direction as in the ont-of«plane hydrogen bending vibration.

~ Study of the spectra of such compounds ss triphenyleilyltri-
phenylstennane indicates that as the mass of the substituent atom
increases, the intensity of the band between 725 and 775 em™t in mono-
 substituted bensenes inereases. Further study of this phemomenon may
yield useful informatien, |

Iittle is kmown of the effest of substitusnt groups en the

frequeney and intensity of the O-H stretohing vibrations nesr 3070 em™>,
A rather rough preliminsry study of bensene, nitrobensens, and aniline
has indicated that the peak intensity in this region is proportional to
the pumber of hydrogen atoms attached to the benszene ring, but further

. ‘study is necessary to establish this., If it is true, it would be

possible to perform funstional group snalyses using this band with
grester confidence. It should also be possible to relate the frequency
changes that ocour in these compounds to the nature of the substituent
groups, though the ﬁn&w,»wbﬁ has besn done so far does not point to
any simple relationship. Possible solvent effects must be itaken into
account,

In the region between 15 and 26 microns, &aﬁg study of the
relation between wass of the substituents and frequency of the sbsorpe
tion bands would be worth while. The data presented here on the mono-

subatituted and para-disubstituted bengenes suggest that it should be
possible to establish such relstionships empirically. This data would
be valusble in the determination of molecular structure by infrared
spectroscopy because of the relatively few groups that sbsord in this
region,
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Similerly, it msy be possible to establish relations between sub=
stituent stoms snd sbsorption frequency in the 9,5 to 10.5 migren
region for disubstituted bengenes, as has been done for the nonosub-
mtum bensenes. A complicating festor in studying these bands is
interference from absorpiion bands of some b«mtzw& groups.

An m&m of the functional group anelysis of tetra-arylsilanes
and hexs-aryldisilanes conteining phenmyl and p~tolyl groups to other
compounds should be possible. The corresponding carbon compounds are
not stable because of dissociation inte free radicals and the corres-
ponding compounds of germanium, tin, end lead have not yet been
prepsred. When these latter compounds sre availsble, however, the
method should be tested. It is possible that the same snalytiesl curve
could be used for the germanium, tin, and lead compounds as for the
silanes.
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Hueh of the labor of an investigation involving the study of the
spectra of a large number of compounds has been eliminated by the
cooperation of Drs. H. Gilmsn and O, 5. Haumond and many of their
sssociates in supplying pure samples of meny of the compounds used.

s oare due to Dr, H. Shull for several helpful diseussions.

The suthor is grateful to Dr. V. A. Fassel for his patiense
during the course of this research, The considersble freedom allowed
in the choice of methods of prosedure has made this work not only a
regearsh project but alse en education more waluable than any formal
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