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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 3 JCH of the group -CO.O.CH2- were also measured. By analysis of these measure
ments it was found that in the liquid state of ethyl benioate 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-C2HS bond; and forms with non-planar mutual 
,orientation of the ester group and the aromatic ring, formed by rotation about the Car-CO 
or CO-O bonds. The first two forms are aJso 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 paper! 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 Car-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-C2HS 
bond. Complete infrared and Raman spectra of ethyl benzoate have so far been measured in the 
liquid state2 - 6; only in the range of lattice vibrations (10-200 cm -!), Raman spectra have 
also been measured in the crystalline state 7. Infrared and Raman spectra of diethyl terephthalate 
have only been measured in the crystalline stateS,6,S. These spectra have been interpreted partly 
on the basis of analogy with the spectra of similar molecules2 - 4 ,6,s, partly by comparison 
of the experimental band frequencies with the normal vibrations calculated from secular equa
tionss. The influence of conformational structure upon vibrational spectra has not been analyzed 
so far. 

By X-ray analysis it was found9 that diethyl terephthalate in the crystalline state contains 
molecules which are essentially planar, with a trans mutual orientation of the two ester groups 
on the aromatic ring. Measuremen~s of dipole moments! 0 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 
ou't of the plane of the aromatic ring!! 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 conformation<l;l structure of these molecules, use was also made 
of the measurements and analysis of 13C_ NMR spectra of these molecules. 

EXPERIMENTAL 

Substances 

Ethyl benzoate was prepared by reaction of ethanol with benzoyl chloride in the presence of dry 
iPyridine. 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/1500 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 
.chloride12 . 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 H2 S04 , and further purified by recrystallization from ethanol. The chemical 
composition of the product was controlled by 1 H-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 Glasgow13. The weight of sample was about 1 mg and the purity found 98'8%; 
m.p. 44·0°C. 

Spectra 

In/rared 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 construction14. 

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 dependences of Raman spectra 
were foll~wed in a cell of Harney Miller type15 . 

NMR spectra were measured on the spectrometer FX-60 (JEOL) at 15 MHz, equipped with 
a dual probe suited for the measurement of 1 Hand 13C spectra of the same sample in unchanged 
position. The samples were measured afte~ addition of 20-30% C6D6 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 rt /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 CH2 and CH3 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 - 1 indicate some ordering of the molecules of ethyl 
benzoate (Fig. lc,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 atmosphe~ic moistu~e) we were able 
to obtain in a part of the sample a third ordered forni, 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 

FIG. 1 

Raman spectra of ethyl benzoate: a liquid, b amorphous solid, c crystal B, d crystal A, 
e.crystal C 
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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 em - 1 and of the 
very weak band at 555 em -1 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- 1 

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 em -1, but also in the range about 1150 -1185 em -1 and 1420 to 

c 

400 1200 3200 

FIG. 2 

Infrared spectra of ethyl benzoate: a liquid, b amorphous solid, c crystal B 
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1500 cm -1. 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. Ie). 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 -1, whereas in form C 
it lies at 817 and 813 cm -1; the band of form A at 276 cm -1 is split into a doublet 
at 274 and 284 cm -1 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 20 molecules are incorporated into the lattice in form C. 

The Raman spectrum of form B (Fig. Ie) differs profoundly from those of forms A 
and C. Upon crystallization into form B, only the band at 555 cm -1 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 -1, no band in the infrared spectrum of ethyl benzoate (Fig. 2e) 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 -1. 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 -1 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 acetophenone1
, 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 CCI4 • 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 CCl4 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 Bahls. This refined interpretation is shown in Table I. 

Vibrational Spectra of Diethyl Terephthalate 

Raman and infrared spectra of liquid and crystalline diethy I 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 terephthalate1

. 

The planar conformer of diethyl terephthalate, with a mutual trans orientation 
of the two ester groups, which is present in the solid state1 

0, 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 terephthalate1 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 -1 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 -1 disappear upon crystal1ization both in infrared 
and in -Raman spectra ; at the same time, the band at 783 cm- 1 corresponds by 
its behaviour at crystallization and by its depolarization factor in Raman spectra 
to the band of ethyl benzoate at 784 cm -1. Probably also the bands in the range 
1420 -1500 cm -1 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 -1 disappears. 
upon crystallization. Vibrational spectra of the liquid and crystal1ine samples of di
ethyl terephthalate in this range are very similar to those of ethyl benzoate. 
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-TABLE I 

I~ Interpretation of infrared and Raman spectra of ethyl benzoate. PED designates potential energy distribution, (} depolarization factor. Experi-
mental wavenumbers which can be assigned to more than one calculated mode, are shown in parentheses 

IR RA 
Liquid Crystal A Crystal B 

IR RA RA IR RA 
Symmetry Calc. Q PED (} 

v, cm- 1 
v, cm- 1 v, cm- 1 v, cm 

-1 

A' 1 722 1 722 1'724 S(91) 1 721 1 721 0·21 1 712 1 707 1 707 
1 707 

A'- 1 598 1 600 1 605 T(76), qJ(26) 1 604 1 604 0·54 1 604 1 603 1 604 
A' 1 586 1 580 1 585 T(78), qJ(23) 1 586 1 586 0·36 1 586 1 586 1 586 
A' 1486 1486 1495 T(38), qJ(59) 1493 1494 0·58 1497 1495 1495 
A' 1469 1472 1 470 ",'/(53), ",(22),0:'(19) 1 478 1 478b 1480 1476 1474 

1466 (1462b) (1466b) 
() A" 1 461 (1 456) ",(92) (1 453) (1 453) (0·57) 1463 (1462b) (1466b) ~ 
m A' 1 451 (1 456) ","(37), ",'(34), 0:'(19) (1 453) (1 453) (0·57) 1453 1457 1454 c.f.l< 
~ 0 o· 1454 ;0;-
:J ~....; 

() A' 1448 1450 1453 T(37), qJ(50) 1447 (1 453) (0·57) 1444 1446 1446 c.f.l N (l) 
(!) A' 1 369 1 388 1 397 ",(39, P'(46) 1 393 1 393 0·26 1 396 1 397 1 398 P-o 
:::T ~ 0 1 392 1 391 ()< 
(Jl (l) 

0" A' 1 344 1 362 1 372 P(47), 0:'(27), P'(13) 1 368 1 369 0·30 1 371 1 369 1 369 ;0;-
< ~ 

III t1 " A' 1 324 1 312 1 318 <//(85) 1 316 1 317 0·30 1 318 1 319 1 318 
() 0 

Vl 
:::T A' 1 292 1 280 1 280 T(132) 1278 1277 0·22 (1 272) 1 288 1286 ;0;-(!) 

~ 
0 

A" 1278 0:'(77) (1 272) 1 271 1 272 ~~ 
() A' 1262 1 260 1260 11(41), 8(21), T'(38) 1 250 1 252b . 1 253 1 252 1250 0-
0 <: 
3 ~, 

3 1245 ~ 

c c.f.l 

? A" 1176 P'(34), 0:'(20), P(24) (l 183) (1 183) (1186) () 
::r 

<: A' 1173 1 171 1 176 qJ(73), T(15) 1 176 1 176 0·33 (1183) (1183) (1186) 
::3 
(l) 

2-
1 178 1 175 1 183 

0.: 
(l) 

.j::,. ~>; 
Ol A' 1 159 1 158 1162 qJ(73), T(25) 1160 1 161 0·70 1 158 1 162 1 167 ~ t'"' 

1 155 1 157 1 159 0: 
<0 <: 
~ '<: 



0 ~ £ 
(j) 0 

~ A' 1 123 t I (31), P' (15), T(13) 1 124 1 125 1 128 1 128 ;-
(") 

0- A' 1109 1108 1 105P' (25), t2(20), T(10) 1110 1109 0-12 1112 1112 1112 c: 
::J p;-
o A' 1073 1068 T(41) , <p(41) 1072 1073b 1071 1076 1075 ""1 

N en 
(!) A' 1037 v(62), t2(27) (1 030) 1029 0-13 1034 (1 031) 1 029 '0 0 
::J 

(l) 

0 A' 1 018 1025 1028 T(38), (0(29), Q(23) (1 030) (1 029) (0-13) 1028 (1 031) 1028 ~ 
(fl ""1 

0 p:> 

< A' 1000 998 1002 T(45), Q(34) 1 003 1 003 0'06 1003 1003 1003 0 Pl 
A A" 990 !ll(115) (991) (0-3) (990) (989) 

......, 

0 t"I1 
::J A" 983 III (56), 1l2(70) (991) (0-3) (990) (989) ;. 
(!) 

? 978b ~ 

0 td 
0 A" 931 950 1l2(85), III (33) 938 937 947 949 

(l) 

3 
;:l 
N 

3 A' 879 868 871 t2(45), P' (36) 874 875 0-60 883 878 877 0 
c: ~ 
? A" 852 (842) (850) III (64),112(50) 868b 866b (l) 

<: ' p:> 

A' 843 (842) (850) t1(17), 8(14), '1(16), r(17) 851 852 0-10 856 857 856 ;:l 
£ 0-

~ A" 830 811 820 P(46) , P' (51) 820b 816b 820 820 822 tj 
~ A" 801 790 793 1l3(35), III (28), Z(27), M(26) 807 806 0'50 807 808 810 0 -

<0 785 784 0-10 784 786 
;. 

~ ~ 

A" 709 710 111 (93), tl 2(20) 711 710b' 719 723 725 >-3 
(l) 
""1 

A" 687 685 Z(94), 1l3(31) 688 690 691 691 (l) 

'0 

A' 668 672 676 Q(46), T ' (13), 8(14), 1(11) 675 675 0·10 676 677 676 ::r ;. 
A' 619 613 620 .Q(66), <p(17) 618 618 0-75 618 617 618 p:> 

[ 
550b 555b (l) 

A' 494 500 502 ),(45), <1>(18) 498 496 0·33 498 498 497 
A" 445 448 Z(08), M(52) 440 1- .. 440 0·5 442 445 444 
A" 409 Z(137) 407b 0·6 408 405b 408 
A' 387 392 394 )/ (33), 8(32) 396 398 0-5 391 395 396 
A' 329 325 332 £5(19), 1 /(16), Q(14) 333 0·17 333 333 
A' 259 £5(36), <1>(32), 8(15) 278 0·4 276 277 
A" 216 "4(95) (190) (0-75) 210 204 
A" 169 M(40), Z(26) (190) (0-75) 205 / 139 190/133 

a 'Data from ref. s; b Poorly defined lines _ Ii 



TABLE II Ii Interpretation of infrared and Raman sp~ctra of diethyl terephthalate. PED d~signates potential energy distribution, (! depolarization factor 
Exp~rimental wavenumb~rs which can be assigned to more than one calculated mode, are shown in parentheses 

Liquid Crystal I Crystal II 
IR RA IR RA IR RA IR RA 

Symmetry Calc. a PED (! 

V,CIU- 1 v, cn1- 1 v, cm- 1 v, cm- 1 

Ag 1 723 1 724 S(90) 1 725 0·20 1 734 r 727 r47 

1 718 1 732 

Bu 1 721 1 719 S(93) 1 724 1 728 1 719 1 724 
1 719 1713 1 711 

Ag 1 606 1 614 T(73), 1)1(24) 1 615 c 1 614 0·45 (1 615b
) 1 614 (1 615 b

) 1 615 
1 606 

0 Ag 1 585 1 581 1'(91), 1)1(12) 1 579c 1 579 0·3 (1 577b) 1 578 (1 573 b
) 1 579 

~ 
(1 570b

) CD CJ)< 
(") 

0 o· Bu 1 507 1 500 q;(50), :r(38) 1 507 1 505 1 504 
~ 

:J 

Bu 1470 1fI1/(51), 1fI'(24), a'(19) 1478 0·2 1476 1 481 ~>-! 

0 CJ) 
N 1468 (b <I> 
(") 

1475b 
0.. 

::T Ag 1469 1463 1fI,/(52), 1fI'(24) 0·2 1476 1479 ~ 0 (")( 
(J) 

0- Bg 1461 1457 1jJ1/(92) (1 453) (0'63) 1 458 1 471 
(b 

~ 
< ~ 

III Au 1 461 1452 1fI1/(92) , (1 449) 1456 1 461 t:i " 0 Ag 1452 1 451 1fI1/(40), 1fI'(36) (1 453) (0'63) 1447 1442 
0 

::T VJ 

<I> ~ 

~ Bu 1452 1fI"(41), 1fI'(35), a'(19) (1 449) 1450 1446 0 
£?~ 

0 Bu 1426 1408 T(37), q;(29), 8(16) 1 410 1410c 0·21 1411 1407 0-
0 <: 
3 Ag 1 376 1 398 /3(21), 8(19), t 1 (13), T'(14), /3'(13) 1 395 0'24 1 393 1 394 J'" 
3 
c: 1 384 1 382 C/l 

? 
(") 

:J" 

<: Bu 1 371 1 388 /3'(42), 1fI1/(35) 1 393 1 393 1 394 ::l 
(b 

~ Ag 1 365 1 363 /3'(39), 1fI1/(33) 1 369 0·21 1 363 1 364 0; 
(b 

-"" Bu 1 350 1 362 /l'(25), T(16).I)1(13), /3'(15), a'(14) 1 369 1 374 1 373 ~>-! 
~ 

1 363 1 363 ~ 
0: 

<0 <: 
~ '<: 



() 

~ 0 

in 0 Ag 1 333 1 308 P'(42), a'(28) 1 305 0·15 1 303 1 303 ~ ~ 
(") 0' Bu 1 324 1 318 T(37),P(22), e(17),qJ(l5),a'(16) ,.....,1306 1 322 1 323 s:: ~ 

~ () Ag 1 293 1 285 qJ(64), t 2(13) 1278 0·15 1 283 1289 '"I 
N 

CIl (l) 

1284 '0 0 
(I) :T 

g, 0 Bu 1279 1 270 T(106) 1 274 1 276 1269 (Jl 

'"I a ~ < Bg 1277 a'(77), P(32) 1268 1 233 0 III 
~, ...., '" 1 265 () trl :T 

Au 1277 a'(77), P(32) 1252 1246 1 246 G-(l) 

? Ag 1 179 1174 qJ(72), T(l5) (1174C
) 1174 0,11 1170 1170 

~ 
to () 

Bg 1 175 P'(34), a'(20), P(24) 1192 1 193 (I) 0 
i:l 3 
N 3 1 187 0 c: 

P'(34), P(24), a'(20) a ? Au 1 175 (1174) 1 160 1177 ' (I) 

'< f 

1162 ~ 
i:l 0 
p.. 

./>. Bu 1 132 Q(25), qJ(21), t 1(20), T'(l6) 1 023 1 131 1 130 ti ~ Ag 1 122 1 125 T(30), t 1 (30) (1105) (0'10) (1108) (1104) (ji' 

G-<0 Bu 1115 1110 P'(38), r(l2), y'(13), 12(13) 1114b 1 113 1114 ~ ~ 
Ag 1114 P'(31), t 2(17), T(13) (105) (0'10) (1 108) (1104) >-l 

(I) Bu 1 103 qJ(56), T(33) 1 104 1 104 1106 '"I 
(I) 

Ag 1037 1024 r(62) 1017 0,37 1 019 1024 
'0 
::r 

1021 b G-
Il' 

Bu 1037 r(63), t 2(29) (1 021) (1 023) (1 024) a 
(I) 

(1 017) (1 017) 
Bu 1019 1 015 Q(39), T(27), cp(26) (1 021) (1 023) (1 024) 

(1 017) (1 017) 
Au 991 975 1l2(125) 971 979 979 
Bg 972 975 1l2(135) 969 969 
Ag 888 882 t 1 (35), P'(19) 877 0·4 879 883 
Bu 885 870 P'(31), t1 (27),12(22) (876) (873) 873 
Ag 875 860 t2(42), P'(17) 859 0,06 861 864 
Au 871 872 112 (85) ' (876) (873) 881 
Bu 863 842 '2(32), t 1(13), r(20) 845 843 845 ..... 

Q\ 
Q\ 

" 



'TABLE II jooo4 
e\ 

( Continued) ~ 

Liquid Crystall Crystal II 
IR RA IR RA IR RA IR RA 

Symmetry Calc. a PED Q 

v, em- 1 v, em- 1 v, em- 1 v, em- 1 

Bg 859 /12(114) 840 b 841 
Bg 831 [J' (52), [J(47) 816b 816 818 
Au 828 813 [J'(55), [J(51) 816b 816 817 
Bg 799 Z(44), /13(42), M(37) 795 c 794 ~0'6 793 794 

783 783 0'15 
Au 727 722 /12(45), ,ll3(59) 731 732c 727 726 
Ag 724 705 Q(38), T'(~7), 1'(16), 8(12) 704c 704 0·05 705 708 

0 Bg 674 Z:(87) 677 676 2- Ag 627 631 Q(63), qJ(16) 633 c 633 0·68 634 631 in 
~ !l 535 628 0-0' 

T'(37), 8(24), y(19) :>';" :J Bu 529 502 503 504 504 ~"'1 
0 

Ag 521 524 y(39), <P(30) 520 ---0'5 519 518 CIl N 
(1) <D 

0-n 
::T Au 471 M(80), Z(89) ~ 0 

(')( C/l Bu 443 450 y(35), y'(27) 468 470b (1) 0' 
!" < 

451 b 451 450 III 

t::j 7':' 

0 Au 411 Z(135) 405 406c 0·71 406c 0 
VJ ::T 
:>';" <D Ag 392 390 y'(40), r(14), £5(13) 383 0·21 385 382 0 3 
(')( 

0 Bu 367 36~ . £5(30), y'(19), r(15) 365 367b•c 0·36 363 0' 0 

333 338 0'20 < 3 
JIl' 3 Ag 289 286 C})(37), £5(27), y'(17) ~270 302b 302 CIl c: 
(') :J 

:T 286 288 ;::I <: (1) 
2. Ag 250 254 Q(19), £5(22), T'(21) ~251 ~0'2 250 250 0.: 

(1) 
~ Bg 247 M(73) ~240 ~0'5 245 ~"'1 ~ 

t'" 
~ 0: 

a Data from ref. 5; b poorly defined lines; c bands assigned to the form with mutual cis orientation of the t~o ester groups. < ~ '< .. 
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FIG. 3 

Raman spectra of diethyl terephthalate: a melt, b crystal at 30°C, c crystal at -140°C 

FIG. 4 

Infrared spectra of diethyl terephthalate: a melt, b crystal at 30°C, c crystal at -100°C 
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Infrared spectra of liquid diethyl terephthalate exhibit a prominent band 
:at 535 em -1 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 em -1 in infrared spectra of dimethyl terephthalate, which has been 
interpreted as a band sensitive to isomerism created by rotation about the bond 
C(:O)-O or Car-CO. It is probable that the band at 535 cm- 1 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 
()f this esterS as measured both in the liquid and in the solid state (Table II). 

For analysis of conformational structure generated by-rotation .about O- C2Hs 
bond, use was made of the NMR coupling constant 3JCH of the fragment-CO.O.CH2 
(further designated as Je), as determined by analysis of the carbonyl signal 
in 13C-NMR spectra measured with selective heteronuc1ear decoupling of the aro
matic protons. The relation between this coupling constant measured in the presence 
of the irradiating field of intensity H2(JeR) and the real value (Jeo ) is given by the 
,equation16 ,17 

where Llv 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 2 was determined by means of the 1 J CH coupling constants of the CH3 and 

. CH2 group carbons, measured with and without irradiation of the aromatic protons. 

co 
H 

r-t--'---- H 

FIG. 5 

Designation of the angles a, e1 and e2 in the 
group CO,O.C2HS 
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Both for ethyl benzoate, and for diethyl terephthalate, at yHz 139 ± 5 Hz, JeR = 
= 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 (Jeo) were 3·0 Hz. 

Similarly for methyl benzoate, the value JeR 3·42 Hz was found at yH Z = 142 Hz, 
yielding the corrected value J eO 4·0 Hz, in very good agreement with the value found 
previously for an analogous coupling constant in methyl acetate18

. 

For the determination of conformational structure from the value of 3 J CH, the 
dependence of this coupling constant on the dihedral angle 8 between the coupled 
nuclei (Fig. 5) has to be known. Both theoretical and experimental data in the litera
ture 19

,ZO indicate that in the fragment studied by us, a Karplus typeZ1 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 = A cosz 8, (2) 

according to which the coupling constants for the angles 8 180° (JT ) and 8 60° 
(J G) are in the relation J T = 4J G, and b) on the theoretical equation 19 

J = 4·26 - 1·00 cos 6) + 3·56 cos 26) (3) 

according to which JT = 4·4J G' In both procedures, the value JeO was normalized 
by means of the experimental value for methyl benzoate using the relation J eO = 

= (1/3) (JT + 2JG ) = 4·0 Hz. Equation (2) then yields JG = 2·0 Hz, JT = A = 
= 8·0 Hz; equation (3) yields JG = 1·9 Hz, JT = 8·3 Hz. 

The vicinal coupling constant 3 J CH 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 3 J CH is the weighted average of the 
values for all the conformers present. The assumption of the presence of a single 
conformer on the O-CzHs bond (or rather of two equienergetic mirror image forms) 
in ethyl benzoate and diethyl terephthalate yields, based on equation (2) 

(4) 

as 8 1 - 8 z = 120°, this result corresponds to a form with the CHz group protons 
oriented at 8 1 30° and 8 z - 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), a 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 ex, we obtain 

J - J Ja.+lZ0 + Ja.-1Z0 
eO - Pt G + Pa. 2 

Pa. = Pa.l + Pa.2 

Pt + Pa. = 1. 
(5) 

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

Pt = exp{I1GIRT)/[2 + exp (I1GIRT)] (6) 

the free energy difference I1G between the trans form and both mirror image forms 
with the out-of plane orientation of the methyl group is approximately 3·4 kJ Imol 
for ex 60° and!1G ~ 4 kJ/mol for ex 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 3 J CH coupling constants in NMR spectra indicates that the carbons 
of the -CO-O-CHz-CH3 group have the same geometrical arrang.ement 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-CzHs bond, or by a combination of two or more rotamers dif
fering by the angle of rotation about the O-CzHs bond. 

Analysis of vibrationa} spectra indicates the presence of three different types 
of conformational structure in ethyl ~enzoate: type I, which is present in all crystalline 
forms and in the liquid sample; type II which is present in the crystalline form B 
and in the liquid; an9 type III whichis 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 III 
of ethyl benzoate. The band of the ethyl benzoate conformer III at 555 cm -1, and 
the corresponding band of ethy I terephthalate at 534 cm -1 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 Car-CO or the 
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C(:O)-O bond. The bands of conformer II 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-C2HS bond. All bands characteristic of conformer II 
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-CH2-CH3' a further conformer dif
fering by rotation about the O-C2HS 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-C2HS bond. Even though the angle of rotation 
about the O-C2HS 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 Imol. 

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-C2HS bond. In the liquid there appears a third conforma
tional structure, differing by rotation either about the bond Car-CO or C(:O)-O. 
Liquid diethyl terephthalate contains the same forms of the -CO-CH2-CH3 
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. Sedldckovti for the preparation and purification of ethyl benzoate 
and diethyi terephthalate. 
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