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Infrared and Raman spectra of ethyl benzoate and diethyl terephthalate were measured in their
crystalline forms, in the glassy state and in the melt. With liquid samples, the NMR coupling
constants Jg;; of the group —CO.0.CH,— were also measured. By analysis of these measure-
ments it was found that in the liquid state of ethyl benzoate the following conformers are present:
forms with a fully planar structure; forms with the methyl group twisted out of the aromatic and
ester group plane by rotation about the O—C,H; bond; and forms with non-planar mutual
orientation of the ester group and the aromatic ring, formed by rotation about the C, —CO
or CO—O bonds. The first two forms are also present in the crystalline modifications of ethyl
benzoate. Diethyl terephthalate in the liquid state is present in forms analogous to those of ethyl
benzoate; in addition, it contains isomers differing by the mutual orientation of the two ester
groups on the aromatic ring.

As part of our studies of the conformational structure of poly(ethylene terephthalate) model
compounds, in our previous paper1 we have investigated the relation between conformational
structure and vibrational spectra of methyl benzoate and dimethyl terephthalate; we have discus-
sed the problem of conformer generation in these molecules by rotation about the bonds C,,—C,
CO—O, and of the mutual cis-trans isomerism of the ester groups of dimethyl terephthalate.
In ethyl benzoate and diethyl terephthalate, additional rotations are possible about the O—C,H
bond. Complete infrared and Raman spectra of ethyl benzoate have so far been measured in the
liquid statez_6; only in the range of lattice vibrations (10—200 cm~!), Raman spectra have
also been measured in the crystalline state”. Infrared and Raman spectra of diethyl terephthalate
have only been measured in the crystalline state®*®® These spectra have been interpreted partly
on the basis of analogy with the spectra of similar molecule52_4‘6'8, partly by comparison
of the experimental band frequencies with the normal vibrations calculated from secular equa-
tions®. The influence of conformational structure upon vibrational spectra has not been analyzed
so far.

By X-ray analysis it was found® that diethyl terephthalate in the crystalline state contains
molecules which are essentially planar, with a zrans mutual orientation of the two ester groups
on the aromatic ring. Measurements of dipole moments!® have indicated that diethyl terephthalate
in benzene solution contains approximately equal populations of molecules with cis and trans
mutual orientation of ester groups; for ethyl benzoate a structure with the ester group twisted
out of the plane of the aromatic ring11 has been proposed.
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In order to refine present data concerning the conformational structure of ethyl
benzoate and diethyl terephthalate, and to assign the conformationally sensitive
bands in vibrational spectra, we have measured the vibrational spectra of these
compounds in the liquid and crystalline states in a broad temperature range. For the
determination of the conformational structure of these molecules, use was also made
of the measurements and analysis of *>*C-NMR spectra of these molecules.

EXPERIMENTAL

Substances

Ethyl benzoate was prepared by reaction of ethanol with benzoyl chloride in the presence of dry
pyridine. The product was purified by vacuum rectification on a glass column with Raschig
rings (number of theoretical plates for the mixture ethanol-water 2-7), 87°C/1 500 Pa; the purity
as determined by gas chromatography was better than 99-9%; m.p. —34-5°C. Diethyl terephthalate
was prepared by reaction of ethanol with terephthaloyl chloride in the presence of dry pyridine.
(Terephthaloyl chloride was prepared by reaction of disodium terephthalate with dry thionyl
chloride!?. Disodium terephthalate was prepared by saponification of dimethyl terephthalate
by aqueous NaOH). Crude diethyl terephthalate was separated from the reaction mixture in dilut-
ed and ice-cooled H,SO,, and further purified by recrystallization from ethanol. The chemical
composition of the product was controlled by IH-NMR spectra and by elemental analysis
(calc.: 64:85% C, 6-4% H; found: 64-4% C, 6:4% H). The purity of the diethyl terephthalate
was determined from the melting endotherm on the calorimeter DSC-2 (Perkin-Elmer) according
to Plato and Glasgow!>. The weight of sample was about 1 mg and the purity found 98-8%;
m.p. 44-0°C.

Spectra

Infrared spectra were measured on the spectrometers Perkin-Elmer 621 and 580B. Above
room temperature, the spectra were measured in a commercial Perkin-Elmer heated cell. Spectra
below room temperature, and the dichroism of infrared bands were measured in a special cell
of our own construction!?.

Raman spectra were measured on the spectrometer LRDH 800 (Coderg). The spectra were
~ excited by the line 514-5 nm of the Coherent Radiation argon-ion laser. The samples were mea-
sured in capillary cells in 90° arrangement. The temperature debendences of Raman spectra
were followed in a cell of Harney Miller type1 .

NMR spectra weré measured on the spectrometer FX-60 (JEOL) at 15 MHz, equipped with
a dual probe suited for the measurement of IH and 3C spectra of the same sample in unchanged
position. The samples were measured after addition of 20—30% C¢Dg for establishing the
internal lock. The CO band was measured in the range of 1 kHz with 16 K data points (digital
resolution 0-125 Hz), using n/4 pulses and a pulse repetition rate of 20 s, with selective hetero-
nuclear decoupling of the aromatic protons. For the calibration of the irradiation field, the spec-
trum was measured under identical conditions as the CO band, except for the 2-5 kHz range
used in order to measure both the CO and the CH, and CHj signals in a single run.
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RESULTS AND DISCUSSION

Vibrational Spectra of Ethyl Benzoate

Raman and infrared spectra of ethyl benzoate in the liquid and solid states are shown
in Figs 1 and 2. Ethyl benzoate solidifies in the glassy state and is difficult to crystal-
lize. Nevertheless, in Raman cells we have been able to prepare, in addition to liquid
and glassy samples (Fig. la,b) also three additional forms which we desginate A, B
and C; the Raman spectra of these three forms differ, and the bands of lattice vibra-
tions in the range below 200 cm ™! indicate some ordering of the molecules of ethyl
benzoate (Fig. le,d,e). Form B is obtained by crystallization in the range —35 to
—50°C. Form A is obtained by crystallization at temperatures below —55°C. At tem-
peratures around —50°C this form is transformed to form B. By crystallization
in open cells (probably due to contact with atmospheric moisture) we were able
to obtain in a part of the sample a third ordered form, designated as C. Besides
the liquid and glassy sample, (Fig. 2a,b) in infrared cells only a single ordered form
could be prepared and measured (Fig. 2c). Of the three ordered forms, form A is the
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most important for considerations concerning the conformational structure of ethyl
benzoate. In the Raman spectrum of this form (Fig. 1d) as compared to the spectrum
of the liquid, the disappearance of the relatively strong band at 784 cm ™! and of the
very weak band at 555cm™! is clearly evident. This indicates that the liquid ester
contains, in addition to the conformers present in the crystalline form A (conformer I),
a further conformer II. A comparison of the intensities of the band at 784 cm™!
in Raman spectra of ethyl benzoate measured in liquid and glassy state indicates
that the contents of conformer II is smaller in the glassy state than in the liquid.
A comparison of the intensities and line shapes in Raman spectra of the liquid and
amorphous ester and from the spectrum of the crystalline sample of type A it may be
observed, that disappearance of bands upon crystallization occurs not only in the
range 780—820 cm ™!, but also in the range about 1150—1185cm™! and 1420 to
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1500 cm™~'. In the latter two ranges, disappearance of bands is less conspicuous
because of large band overlap and temperature induced frequency shifts.

The Raman spectrum of the crystalline form C differs very little from the Raman
spectrum of form A (Fig. 1e). Bands disappearing upon crystallization into form A,
also disappear upon crystallization into form C. The spectra of the forms A and C
differ e.g. in the doublet which in form A lies at 806 and 820 cm ™!, whereas in form C
it lies at 817 and 813 cm™?; the band of form A at 276 cm™! is split into a doublet
at 274 and 284 cm ™! in form C. We were unable to find out if the crystalline forms A
and C differ only by the mutual ordering of the molecules of ethyl benzoate, or if pos-
sibly H,O molecules are incorporated into the lattice in form C.

The Raman spectrum of form B (Fig. 1¢) differs profoundly from those of forms A
and C. Upon crystallization into form B, only the band at 555 cm™! disappears.
Other bands disappearing upon transition from the liquid state into forms A and C,
are still present in the crystalline form B. This indicates that in this crystalline form,
an additional conformer is present, besides the conformer present in form A.

All the measurements of Raman spectra indicate that liquid ethyl benzoate con-
tains both conformers present in the crystalline forms, plus an additional conformer
which is absent in all the three crystalline forms which could be prepared in Raman
cells. )

With the exception of a very weak band observed in liquid ethyl benzoate (Fig. 2a)
at 550 cm ™!, no band in the infrared spectrum of ethyl benzoate (Fig. 2c) disappears
completely upon crystallization. A comparison of infrared spectra measured in the
liquid, glassy and crystalline states indicates that band intensities change profoundly
in the ranges 780— 830, 1150— 1180 and 1440— 1500 cm~*. We suppose that these
are also conformationally sensitive bands. The presence of these bands in the spec-
trum of the crystalline sample indicates that in infrared cells we have only succeeded
in preparing the crystalline form containing two conformers, similarly as the crystal-
line form B measured in Raman spectra. This interpretation of the structure of the
crystalline form prepared in-infrared cells, together with the disappearance of the
band at 550 cm™! upon crystallization, is in agreement with the analysis of Raman
spectra, according to which the liquid state contains three conformers, two of which
also appear in the crystalline state.

Similarly as in methyl benzoate and acetophenone’, the band of the CO stretching
vibration in liquid ethyl benzoate at room temperature is asymmetrical. This asym-
metry decreases with increasing temperature and also by dilution with CCl,. Con-
trary to acetophenone and methyl benzoate, this asymmetry is not necessarily ex-
plained by intermolecular interactions only, because the band shape can be also
affected by the presence of several rotational isomers. The assumption about the
effect of rotational isomers is supported by the observation that in a CCl, solution
of ethyl benzoate, the carbonyl band exhibits almost double the width of the carbonyl
band in a corresponding solution of methyl benzoate.
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The determination of conformationally sensitive bands and measurement of vibra-
tional spectra in the crystalline state has made possible the refinement of the inter-
pretation of the vibrational spectrum of ethyl benzoate, as presented originally
by Boerio and Bahl®. This refined interpretation is shown in Table 1.

Vibrational Spectra of Diethyl Terephthalate

Raman and infrared spectra of liquid and crystalline diethyl terephthalate are shown
in Figs 3 and 4. This ester crystallizes more easily than ethyl benzoate; at room
temperature it forms only a single crystalline modification of which the Raman and
infrared spectrum could be measured. The frequencies and band widths of some bands
of the crystalline sample are sensitive to temperature changes; some of these changes
occurring at temperatures below —100°C can be observed in Figs 3 and 4. Upon
transition from liquid to crystalline state, band disappearance may be observed
both in infrared and in Raman spectra (Fig. 3, 4), indicating the presence of ad-
ditional conformers in the liquid state. A part of the conformationally sensitive bands
is probably connected with the mutual cis-trans isomerism of the two ester groups,
as described for dimethyl terephthalate’.

The planar conformer of diethyl terephthalate, with a mutual trans orientation
of the two ester groups, which is present in the solid state!®, has a centre of symmetry.
cis Mutual orientation of the ester group leads to disappearance of this centre of sym-
metry, but causes no other changes in the nearest neighbourhood of the ester group.
Similarly as in dimethyl terephthalate! it may therefore be expected that the bands
sensitive to this type of isomerism will exhibit complementarity in infrared and Ra-
man spectra: at frequencies of infrared bands disappearing upon crystallization,
Raman active bands will appear both in liquid and in crystalline samples, and vice
versa. On the basis of this criterion, the infrared bands (disappearing upon crystalliza-
tion) at 633, 704, 795, (1174), 1579, (1616), and the Raman bands (disappearing
upon crystallization) at 367, 406 and 1410 cm~' can be assigned as bands sensitive
to the mutual cis-trans orientation of the two ester groups. The wavenumbers
of these bands are very near to the wavenumbers of the bands sensitive to mutual
* cis-trans orientation of ester groups in dimethyl terephthalate.

Bands at 335, 468 and 783 cm ™! disappear upon crystallization both in infrared
and in Raman spectra; at the same time, the band at 783 cm™! corresponds by
its behaviour at crystallization and by its depolarization factor in Raman spectra
to the band of ethyl benzoate at 784 cm~*. Probably also the bands in the range
1420—1500 cm ™! are conformationally. sensitive, as their shape and position strongly
depend on temperature and crystallization. In Raman spectra of the liquid state,
all bands in this range fuse into one broad band; in the infrared spectrum of the
liquid state, where four bands may be resolved, the band at 1465 cm™! disappears.
upon crystallization. Vibrational spectra of the liquid and crystalline samples of di-
ethyl terephthalate in this range are very similar to those of ethyl benzoate.
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Infrared spectra of liquid diethyl terephthalate exhibit a prominent band
at 535 cm™! which disappears upon crystallization. Both its position, and the fact
that a corresponding band is missing in the Raman spectrum, are reminiscent of the
band at 529 cm™! in infrared spectra of dimethyl terephthalate, which has been
interpreted as a band sensitive to isomerism created by rotation about the bond
C(:0)}—O0 or C,,—CO. It is probable that the band at 535 cm™! in infrared spectra
of liquid diethyl terephthalate is also sensitive to this type of isomerism.

Determination of the effects of rotational isomerism upon vibrational spectra
of diethyl terephthalate together with the measurement of spectra of liquid samples
has made possible the refinement of the interpretation of infrared and Raman spectra
of this ester® as measured both in the liquid and in the solid state (Table II).

For analysis of conformational structure generated by. rotation about O—C,H;
bond, use was made of the NMR coupling constant *Jy of the fragment—CO.0.CH,
(further designated as J.), as determined by analysis of the carbonyl signal
in 13C-NMR spectra measured with selective heteronuclear decoupling of the aro-
matic protons. The relation between this coupling constant measured in the presence
of the irradiating field of intensity H,(J.z) and the real value (Jeo) is given by the

equation!®17

T = [(Av = 370F + GHT” = [(Av + B + GHPT2, ()

where Av is the difference of the resonance frequency of the proton interacting with
the measured carbon and of the irradiation frequency. The intensity of the irradiating
field H, was determined by means of the 'Jq, coupling constants of the CH; and
CH, group carbons, measured with and without irradiation of the aromatic protons.

FiG. 5
Designation of the angles «, @; and @, in the
group CO.0.C,H,
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Both for ethyl benzoate, and for diethyl terephthalate, at yH, 139 + 5 Hz, J 4 =
= 2-56 Hz, equal for the two esters within the limits of the digital resolution 0-125 Hz.
In the limits of this resolution the corrected values (J,,) were 3-0 Hz.

Similarly for methyl benzoate, the value J.x 3-42 Hz was found at yH, = 142 Hz,
yielding the corrected value J ., 4-0 Hz, in very good agreement with the value found
previously for an analogous coupling constant in methyl acetate'®.

For the determination of conformational structure from the value of *J.y, the
dependence of this coupling constant on the dihedral angle © between the coupled
nuclei (Fig. 5) has to be known. Both theoretical and experimental data in the litera-
ture' 2 indicate that in the fragment studied by us, a Karplus type*! dependence
may be assumed to exist; exact parameters of this dependence are not available.
Therefore our analysis was based a) on the simplest equation

J = Acos? 0, (2)

according to which the coupling constants for the angles @ 180° (J;) and @ 60°
(Jg) are in the relation J; = 4J, and b) on the theoretical equation’®

J =426 — 1-00 cos © + 3-56 cos 20 (3)

according to which J; = 4:4J5. In both procedures, the value J., was normalized
by means of the experimental value for methyl benzoate using the relation J., =
= (1/3)(J1 + 2J5) = 40 Hz. Equation (2) then yields Jg =2:0Hz, J; = A =
= 8:0 Hz; equation (3) yields J5 = 19 Hz, J; = 83 Hz.

The vicinal coupling constant ®J.; in NMR spectra can be applied to the deter-
mination of conformational structure only if the studied substance is present as
a single conformer; otherwise the found value of *Jy is the weighted average of the
values for all the conformers present. The assumption of the presence of a single
conformer on the O—C,H; bond (or rather of two equienergetic mirror image forms)
~ in ethyl benzoate and diethyl terephthalate yields, based on equation (2)

J 3-0
- 1cos? @, + cos? @,) = 2 =" = (0-375; 4
Hoost ©, + cost 0;) = Lo = 20 “)

as @, — @, = 120°, this result corresponds to a form with the CH, group protons
oriented at ©; 30° and ®, —90° with respect to the plane of the ester group, i.e.
with the methyl group twisted by a 30° from this plane (Fig. 5). Based on the theore-
tical equation (3), « would be greater by about 5°. Under the assumption of the pre-
sence of two conformers, one with a trans orientation of the methyl group, and of the
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other with the methyl group twisted out of the plane by the angle «, we obtain

J . —
Jeo = pJg + Pa Zaeian + Vezing ) e i Cos (5)
2 Tuca D=l

For o 60°, equations (2) and (3) yield the contents of the trans form (p,) 0-67, for
a 90° equation (2) yields p, 0-75, equation (3) yields p, 0-70. In the sense of the ex-
pression

p. = exp(AG/RT)/[2 + exp (AG/RT)] (6)

the free energy difference AG between the trans form and both mirror image forms
with the out-of plane orientation of the methyl group is approximately 3-4 kJ/mol
for a 60° and AG = 4 kJ/mol for a 90°.

Conformational Structure of the Esters

Information about the conformational structure of ethyl benzoate and diethyl tere-
phthalate in the crystalline and liquid states can only be obtained by combination
of the results of analysis of vibrational and NMR spectra, with X-ray data on the
structure of crystalline diethyl terephthalate and with our knowledge of the con-
formational structures of methyl benzoate and dimethyl terephthalate.

Analysis of 3Jcy coupling constants in NMR spectra indicates that the carbons
of the —CO—O—CH,—CH, group have the same geometrical arrangement in both
studied esters; this arrangement can either be described by a single nonplanar struc-
ture of this group, in which the methyl groups are twisted out of the plane by rota-
tion about the O—C,H; bond, or by a combination of two or more rotamers dif-
fering by the angle of rotation about the O—C,H, bond.

Analysis of vibrational spectra indicates the presence of three different types
of conformational structure in ethyl benzoate: type /, which is present in all crystalline
forms and in the liquid sample; typé 11 which is present in the crystalline form B
and in the liquid; and type I1] which is only present in the liquid. Diethyl terephthalte
in the crystalline state has a totally planar structure with a mutual trans orientation
of the ester groups (conformer I); in addition to the bands of conformer I, in the
liquid state there also appear bands of the form with a cis mutual orientation of the two
ester groups, as well as bands corresponding to the conformational types II and 11
of ethyl benzoate. The band of the ethyl benzoate conformer 111 at 555 cm ™!, and
the corresponding band of ethyl terephthalate at 534 cm ™! both have the same shape
and intensity as the analogous bands of methyl benzoate and dimethyl terephthalatae
which are characteristic of a nonplanar conformation, with the ester group twisted
out of the plane of the aromatic ring, either by rotation about the C,—CO or the
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C(:0)—O bond. The bands of conformer 1T which have no analogy in methyl benzoate
or dimethyl terephthalate, are assumed to be characteristic of a conformer dif-
fering by rotation about the O—C,H 5 bond. All bands characteristic of conformer I1
of ethyl benzoate are also observed in the spectra of liquid diethyl terephthalate.
The finding that liquid diethyl terephthalate contains, in addition to the form with the
planar arrangement of the atoms C—O—CH,—CH;, a further conformer dif-
fering by rotation about the O—C,H; bond, gives preference to the interpretation
of NMR spectra based on the assumption of the presence of two conformers dif-
fering by rotation about the O—C,H; bond. Even though the angle of rotation
about the O—C,H; bond is not exactly known for the second conformer, analysis
of NMR spectra indicates a strong predominance of the form with the trans position
of the methyl group, with the free energy difference between these two forms in the
range 3-4 to 4 kJ/mol.

All the results may be summarized as follows: In all crystalline forms of ethyl
benzoate, the aromatic ring and the ester group are coplanar. It is possible to pre-
pare a crystalline form of ethyl benzoate containing two conformational forms:
one totally planar, and the other with the methyl group twisted out of the plane
by rotation about the O—C,H; bond. In the liquid there appears a third conforma-
tional structure, differing by rotation either about the bond C,—CO or C(:0)—O.
Liquid diethyl terephthalate contains the same forms of the —CO—CH,—CH,
group as ethyl benzoate; in addition, it contains conformers differing by the mutual
orientation of the two ester groups.

The authors wish to thank Mrs J. Sedldckova for the preparation and purification of ethyl benzoate
and diethyl terephthalate.
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