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ABSTRACT 

IR and Raman spectra of ethyl acetates, CH~COOC2Hs, CD3COOC2Hs, CH3COOC2D~ and 
CD3COOCeD~, in the liquid and crystalline states have been recorded in the 3500-200 c m - '  re- 
gion. These spectra are analysed on the basis of spectral comparison both among themselves and 
with spectra of the trichloro analogues CC13COOC2H5 and CCI3COOC2D~ previously studied. All 
the ethyl acetates in the crystalline state give two completely separated carbonyl stretching Raman 
bands, suggesting that two, or an even number of molecules, exist in the crystal unit. Liquid-state 
spectra exhibit many band pairs arising from the trans-trans and trans-gauche conformers around 
CX3CO-O-CX2CX3 axes (X = H and D) and the bands of the trans-trans conformer persist in 
the crystalline state. Normal coordinate calculations for the four species have been carried out on 
the two isomeric models using an MVIB program. The results explain wavenumber shifts on 
deuteration and the nature and separation of band pairs satisfactorily, and suggest that a large 
amount of vibrational coupling exists among skeletal stretching vibrations. 

INTRODUCTION 

Many vibrational studies on esters have focused on carbonyl stretching vi- 
brations, characteristic vC=O frequencies for specific rotamers, solvent effect 
and the influence of temperature on vC=O band intensity [ 1, 2 ]. Such studies, 
although they have provided important  information on the rotational isomer- 
ism of a-substituents,  are less informative on that  of the -O (CH2) nCH3 group. 

*To whom all correspondence should be addressed. 
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Moreover, it has been pointed out" that criteria based on position of bands in 
the pC=O region are insufficient in some cases [3, 4]. Thus, it is of importance 
to examine all fundamental bands and spectral changes in relation to change 
of physical state. 

We have examined a series of haloacetates, concentrating on vibrational 
spectra, rotational isomers and band pairs, conformations of rotamers and po- 
lymorphism, as well as studies on the vC=O region [5-12] . To date, the IR 
spectra in the 3500-700 cm-  1 region of ethyl acetate and its deuterates in the 
liquid state have been published and the bands observed in the 3500-1300 cm -1 
region assigned by Nolin and Jones [ 13 ]. The IR and Raman spectra of ethyl 
acetate (not deuterates) in the liquid and crystalline states (1000-280 cm -1 ) 
were studied by Ogawa [ 14 ]. However, the problems of rotational isomerism, 
explanations of Raman spectra and far IR spectra, etc. have not been discussed 
fully. 

In this paper, a detailed study of the IR and Raman spectra of ethyl acetate 
and three deuterates, CD3COOC2Hs, CH3COOC2Ds, and CD3COOC2D5 (E- 
NCA-do, -d3, -d~ and -ds, respectively), in the liquid and crystalline states is 
presented together with the results of normal coordinate calculations for two 
rotamers with the trans-trans and trans-gauche conformations about the 
CH3CO-O-CH2CH3 axes. 

EXPERIMENTAL 

E-NCA was prepared by reacting acetic acid and ethyl alcohol in benzene 
and the three deuterates by the same reaction using as starting materials the 
corresponding light and heavy acetic acids, and light and heavy ethyl alcohols. 
The samples synthesized were purified by repeated distillations. Each purified 
sample was checked by gas chromatography to have purity of above 96.5%. 
Each E-NCA was prepared independently twice and the spectra of the two were 
compared to check for the existence of impurity bands. 

The IR and Raman spectra were recorded on Hitachi EPI 2G, Perkin-Elmer 
580 and Nicolet 60-SX FT IR and SPEX Ramalog 5M (480 nm excitation of 
a Coherent Radiation CR-4 Ar + laser) spectrometers. Calibrated wavenum- 
bers are believed to be accurate to within + 2 cm -1, unless observed bands are 
very weak and/or broad. 

The liquid-state spectra were recorded by a capillary method (between two 
CsI plates for IR and in a tube for Raman). The crystalline-state IR spectra 
were measured by a deposition method (slow spraying of a sample on a cooling 
CsI plate and annealing) using an RIIC VLT-2 cell. The crystalline-state Ra- 
man data were obtained from a sample, packed in an ampoule and indirectly 
cooled, in a conventional Raman cryostat, by the method described previously 
[8]. The Raman spectra of E-NCAs in the liquid and crystalline states are 
shown in Figs. 1-4, the crystalline-state IR spectra in Figs. 5 and 6, together 
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Fig. 1. Raman spectra of E-NCA-do in the crystalline state at ca. 80 K (top) and liquid state at 
room temperature (bottom). 
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Fig. 2. Raman spectra of E-NCA-d3 in the crystalline state at ca. 80 K (top) and liquid state at 
room temperature {bottom). 
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Fig. 3. Raman spectra of E-NCA-d5 in the crystalline state at ca. 80 K {top) and l iquid state at 
room temperature (bottom). 
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Fig. 4. Raman spectra of E-NCA-d8 in the crystalline state at ca. 80 K (top) and liquid state at 
room temperature (bottom). 
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Fig. 5. IR spectra of E-NCA-o (bottom) and E-NCA-d3 (top) in the crystalline state at ca. 130 K 
and liquid state at room temperature (800-200 cm -1, dotted line). 
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Fig. 6. IR spectra of E-NCA-d~ (bottom) and E-NCA-ds (top) in the crystalline state at ca. 130 
K and liquid state at room temperature (800-200 cm-1, dotted line). 
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with the liquid-state IR spectra (800-200 c m -  1 ). The observed wavenumbers 
are listed in Tables 1 and 2. The recorded liquid IR data are in agreement with 
the data of Nolin and Jones (3500-700 c m - '  ) within experimental  error, and 
the data for E-NCA-do with those of Ogawa. 

NORMAL COORDINATE TREATMENT 

Normal coordinate calculations were carried out for ethyl acetate E-NCA- 
do, -d3, -d5 and -ds. The trans-trans and trans-gauche molecular conformations 
were assumed for the bond axes CH3CO-O-CH2CH3. The geometrical param- 
eters were t ransferred from related molecules [15, 16]; bond lengths: r(C1-C2) 
1.518 ,£,, r (C2=Q) 1.219 ,£,, r(C2-C4) 1.360 .h,, r(04_C5 ) 1.460 .h,, r(C~-Ce) 1.539 
A a n d r ( C - H )  1.100 A;valence angles: L (C,C204) 117.4 °, / (C,C203) 121.3 °, 
/ (04C203) 121.3 °. L (C204C5) 113.0 ° , / -  (O4C5C6) 108.1 °, / (CCH) 110.4 ° 
and / (OCH) 109.8°; dihedral angles: ~(C1-C2-04-C~) 180 ° trans and ~(C2- 
04-C~-C6) 180 ° trans and 60 ° gauche. 

H H H H 

0 3 H H 

t rans-t rQn$ c o n f o r m e r  

The force field employed is the group coordinate force field [17], in which 
the force constants are expressed in terms of the group symmetry  coordinates 
of the individual atomic groupsconst i tu t ing the molecule. The definition of 
these coordinates is in agreement  with the IUPAC recommendat ion [ 18 ], full 
details of which are found elsewhere [17]. Most of the force constants for the 
ethyl acetate molecule were taken from the well-established force field for al- 
kanes and alkyl ethers [16], which was supplemented by making allowance for 
the force field determined previously for alkyl ketones and alkyl esters [ 14 ]. 

Calculations were carried out with an MVIB computer program [17], de- 
veloped for treating normal vibrations of chain molecules. Calculated frequen- 
cies and potential-energy distributions (PED) are given in Tables 3-6. In these 
calculations, we have adjusted ten significant force constants so that  the agree- 
ment  between observed and calculated frequencies has been much improved. 
We do not show the 86 force constants used for the sake of brevity; a tabulation 
of these is available from one of the authors (H.M.).  

RESULTS AND DISCUSSION 

Vibrational spectra of E-NCAs 

The four E-NCAs in the crystalline state give two strong ~C=O bands near 
1740 c m - ' .  They  are much further  apart  in the Raman than in the IR spec- 
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trum, suggesting the presence of two molecules, or an even number of mole- 
cules, in the crystal unit. This would also explain some commonly observed 
band splits. Additionally, on crystallization, some bands disappear because of 
the elimination of unstable conformers and new bands appear owing to the 
higher resolution at lower temperatures. Therefore, it is of importance to ex- 
amine crystalline-state spectra, as well as liquid-state spectra. 

In the Raman spectra of crystalline E-NCA-do and -d3 (top in Figs. 1 and 
2), besides the vC=O bands, six characteristically strong bands appear near 
1460, 1450, 1120, 850(885), 635(595), 380(370) cm -1, the number in paren- 
theses being the observed wavenumber of the corresponding band in E-NCA- 
d~. In the spectra of crystalline E-NCA-d~ and -ds (top in Figs. 3 and 4), three 
bands near 865(885), 625(585), 345 cm -1 (corresponding to the last three 
bands of E-NCA-do and -d3), and new bands near 1195, 965(985) and 725(715) 
cm-  1 are prominent.  The appearance of such strong bands at positions com- 
mon to E-NCA-do and -d3, and E-NCA-d5 and -ds, indicates that  the deutera- 
tion of the ethyl group has a greater influence on Raman intensity than 
deuteration of the acetoxy methyl group. 

Thus, a clue as to how to assign these bands of E-NCAs is found in the results 
of a previous study on the Raman spectra of ethyl trichloroacetate and its 
deuterate (E-TCA-do and -ds), whose molecules in the crystalline state exist 
only in the trans-trans-trans conformer about CC1-CO-O-CH2CH3 axes [ 11 ]. 

A band assignment analogous to that  for E-TCA-do and -ds, may be made 
for the six strong bands of E-NCA-do aand -d3, allocating them to the two 
~dCH3C*, d~CH3C, vC-C, ~C=O and 5OC'C modes, in descending wavenum- 
ber order, and similarly the three new bands of E-NCA-d5 and -ds are assigned 
to 5wCD2/vOC', 5rCD3C/~tCD2 and 5rCD3C modes. The weak Raman bands 
near 1483 and 1472, 1400, 1275, 1265, 1160, 940(910), 600(525) and 435(410) 
cm-1, which are observed commonly in both E-NCA-do and -d3 spectra, cor- 
respond to the bands at 1475 [5CH2], 1398 [SsCH3C ], 1303 [StCH2], 1266 [vC- 
O], l14615rCH3C], 970[vC'-C],  684[uC=O] and 449 cm -1 [5CCO] for E- 
TCA-do in the trans conformer. On the other hand, the Raman bands near 
1095, 1055, 915, 605(515), 585 and 420(380) c m - '  observed in both the E- 
NCA-d~ and -ds spectra are associated with the bands at 1090[SsCD3C], 
1052 [ 5dCD3C ], 908 [ pC'-C ], 683 [ uC=O ], 589 [ 5rCD2 ] and 410 cm-  1 [ (~CCO ] 
of E-TCA-ds, respectively. 

More careful analysis to identify CH30* vibrations shows that  the bands 
near 1425, 1376 and 1361(1370), 1004(966), and 942 cm -1, present in the E- 
NCA-do and -d5 spectra but absent in the E-NCA-d3 and -ds spectra, should be 
assigned to the 5dCH~O, 5sCH30 and two 5rCH30 modes, respectively. The 
deuteration of the acetoxy methyl group shifts them to lower frequencies; the 

*A distinction between the two methyl groups of E-NCA is made by designating the methyl group 
of ethyl radical by CH3C and the acetoxy methyl group by CH30. 
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5CD30 bands are observed near 1080 and 1020 cm-1 and drCD30 bands at 
790(816) cm-L The CH30 vibrations correspond to the bands at 1446 and 
1439, 1379, 1020, and 976 (944) c m - '  of methyl- and trideuteromethyl-acetate 
(M-NCA-do and -d3) and the CD30 vibrations to the bands at 1035 and 993, 
and 778 (832) cm-  1 of methyl trideuteroacetate and full deutero analogue (M- 
NCA-d3' and-d6) [19]. 

The IR spectra of E-NCAs exhibit some characteristic bands at positions 
corresponding to the Raman bands. Two strong and broad bands appear at 
1241 and 1048 cm -~ in the liquid-state spectrum of E-NCA-do and have been 
assigned to the vC-O and vO-C' modes, respectively [13]. Almost certainly 
the former band shifts progressively to higher wavenumber with increasing 
deuteration. Moreover, on crystallization the vC-O band positions shift to 
higher wavenumber. The vO-C' band is increasingly surrounded by CD3 and 
CD2 deformation bands with increasing deuteration and seems to lose its 
prominent nature. Also, the high intensity of the 1033 cm-1 band of E-NCA- 
d5 suggests a vibrational nature similar to the 1048 cm -~ band of E-NCA-do. 
The band of E-NCA-ds at 916 cm -1 corresponds to the 923 cm -1 band of E- 
NCA-d3. An extensive explanation of C-H (C-D) stretching vibrations is given 
by Nolin and Jones [ 13 ]. 

Vibrational coupling of skeletal stretching vibrations 

The conventional description used above for band assignment is only ap- 
proximate and if a more detailed assignment is necessary, the PED in Tables 
3-6 should be consulted. The detailed expression indicates that vibrational 
coupling exists among a few vibrations. In particular, skeletal stretching vi- 
brational coupling is quite strong. As mentioned above, the bands near 1260, 
1050, 940 and 845 cm-  1 of E-NCA-do are assigned to the vCO, vO' C, vC' C and 
vCC modes, respectively. In addition to vCO contribution, the 1260 cm-  1 band 
has vCC (large) and dC=O contributions, and the 1050 cm -1 band has vOC' 
and vC' C contributions, while the 845 cm - 1 band does not have the essential 
vCC but has a large vOC' contribution. A similar picture of vibrational cou- 
pling was seen in E-TCA-do, though the band at 882 cm-1 had an essential 
vCC contribution. 

The PED of the vCO band of E-NCA-do is similar to those of the other three 
E-NCAs. In the other skeletal bands, the stretching vibration contribution is 
reduced with increasing deuteration, because of additional couplings with de- 
formation vibrations of methyl and ethyl groups. It is difficult to make a clear- 
cut assignment. 

Rotational isomerism and band pairs of t rans/(gauche) conformers 

An important clue in the problem of rotational isomerism would be the dis- 
covery of band pairs coming from a single mode, in the liquid-state spectra, 
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one component of which disappears on crystallization. Such band pairs seem 
to exist in the liquid-state spectra of E-NCAs, as they do in the liquid-state 
spectra of E-TCAs, where they are associated with the trans/(gauche) con- 
formers of the CO-CH2CH3 axis [11]. In Table 7 the band pairs of E-NCAs 
are summarized together with the observed and calculated wavenumbers, and 
band assignment. 

We have discussed the problem of the band pairs of XC (C=O)OCH2CH3 
type esters (X = H, C1, N - C - ,  CH3-, N--C-CH2- and CCla-) previously [ 11 ]. 
In the present study we have also found many band pairs of the deuterates. 
The results of the normal coordinate calculation suggest that  bands observed 
near 1300 cm -1 [JtCH2 ] of the do and (t3 compounds, the bands near 800 cm -1 
[JrCD30] of the d3 and ds, and bands near 1200 [JwCD2/vOC'] and 730 
[SrCD3C] cm-1 of the d5 and ds esters, are band pair members, also. 

All the esters previously discussed, and esters with X = CH2C1- and CHCI2- 
[6, 7 ], show, in their liquid-state spectra, a band pair corresponding to the pair 
1116/( 1095 ) c m-  1 of E-TCA-do [ 5rCH3C ]. Since the E-TCA molecule (hav- 
ing a complete Cs symmetry [20] ) exists as a conformer of all trans skeletal 
axes in the crystalline state [ 11 ], the presence of such a band pair in the liquid- 

TABLE 7 

Band pairs of trans-trans (T) and trans-gauche (G) conformers 

E-NCA-do E-NCA-d3 E-NCA-d5 E-NCA-da Assignment 

Pobs Pca! /lobs Pcal Pobs Pcal Vobs Pcal 

1301 1304 1302 1305 
1262 1265 1276 1278 
1262 1265 1268 1265 
1241 1256 1259 1253 

1114 1125 1116 1126 
1099 1106 1098 1104 
938 939 915 910 
918 911 897 887 
814 815 811 812 
786 790 813 

790 791 
760 769 

608 616 531 532 
609 523 522 

463 463 439 433 
441 441 409 400 
314 314 300 306 
209 209 200 201 

5tCH2 (G) 
(T) 

1273 1277 1290 1277 pC-O (T) 
1267 1272 1280 1272 + t, CC (G) 
1197 1198 1196 1198 vC'C (T) 
1182 1174 1178 1174 +JwCD2 (G) 
730 722 717 715 JrCHaC (T) 
743 739 725 732 (G) 

vC'C (T) 
+vOC' (G) 

590 584 583 603 JrCH2 (T) 
581 586 572 603 +JrCHaC (G) 

816 816 $rCDaO (T) 
784 779 (G) 

611 613 527 528 7~=O (G) 
625 518 519 +$rCH30 (T) 

438 441 408 406 JCCO (G) 
423 428 384 383 + JOC' C (T) 
279 276 274 271 JCOC (G) 
200 194 185 187 + JCCO (T) 
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state spectra of ethyl esters is an important indication of a trans-gauche iso- 
merism coming from ethyl groups. 

Strangely, in contrast to other ethyl chloroacetates [ 11, 21], the fiOC'C vi- 
bration of E-NCAs does not appear as a band pair probably because of the 
absence of heavy a-substituents. 

There are some bands whose positions change considerably on the change 
of state. E-NCA-do gives a strong IR band at 1241 cm-1 in the liquid and at 
1261 cm -1 in the crystalline state. It is probable that the 1241 cm -1 band is 
also a band pair with two components which are apparently unresolvable owing 
to their very broad and strong absorptions. 

Bands in the region below 700 cm-1 

Besides the firCD2 band (ca. 590 cm -1) of E-NCA-d~ and -ds, each E-NCA 
is expected to give nine fundamental bands in the region below 700 cm- ' ;  the 
five deformations: tiC=O, z~C=O, fiCCO, ~COC, ~OC'C and the four torsions: 
vCH30, ~C-O, zO-C', zCH3C. In crystalline-state spectra, seven fundamental 
bands are clearly detected, as summarized in Table 8. Surprisingly, the 284 
cm-  1 band of E-NCA-do seems to be absent in the liquid-state spectra. In con- 
trast, the 314 cm-1 band of liquid E-NCA-do, distinguished from crystalline 
bands by parentheses in Table 8, disappears on crystallization. At first sight, 
both the bands for E-NCA-do (-d3) look like the two components of a band 
pair, but the large separation in wavenumber between the corresponding bands 
for E-NCA-d5 (-ds) casts doubt on this hypothesis. The 284 cm -1 band seems 
to be due to a shift to higher wavenumber, on crystallization, of a very weak 
band observed at 254 cm-1 in the liquid-state IR spectrum. 

Let us now consider the observed wavenumbers for the vibrations displayed 

TABLE 8 

Observed wavenumbers for crystalline E-NCAs in the region below 
differences between E-NCAs 

700 cm-1 and wavenumber 

E-NCA-do -d~ -d5 -ds do-d3 ds-ds d o - d 5  d3 -d8  Assignment 

635 595 623 583 40 40 12 12 ~C=O 
603 523 608 518 80 80 - 5  5 ~C=O 
438 410 419 382 28 37 19 28 ~CCO 
380 370 347 344 10 3 33 26 ~OC'C 
(314) (298) (279) (271) (16) (8) (35) (27) ~COC (G) 
284 282 222 221 2 1 62 61 vCH3(CD3)C 
211 203 197 190 8 7 14 13 fiCOC (T) 
151 148 150 148 3 2 1 0 zC-O 

The wavenumber is the stronger of IR or Raman bands, or the average value if their intensities 
are similar. 
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in Table 8. The value of do-d3 or do-ds  for a vibration is the variation in 
wavenumber on deuteration of the acetoxy methyl group, and do-do or d3-ds  
is that of the ethyl group. From these variations it can be deduced which of the 
two groups or their related modes contributes more to each vibration. From 
this standpoint, the bands at 635, 603, and probably 438 cm-  1, of E-NCA-do 
are associated with the ~C=O, ~zC=O and 5CCO modes due to the acetoxy methyl 
rather than the ethyl group, while the bands at 380, (314) and 284 cm -1 are 
associated with the 50C' C, ~COC (G) and zCH3C modes due to the ethyl group, 
respectively. 

The assignment of the 635, 603, 438 and 380 cm-1 bands is highly satisfac- 
tory, and consistent with that made by analogy with the spectra of E-TCAs. It 
is also supported by the results of the normal coordinate calculation and Oga- 
wa's study of E-NCA-do [14]. The wavenumber ratio v(do)/v(ds) or 
v(d3)/v(do) of the zCH3C band to the zCD3C band is in both cases 1:28, con- 
firming the validity of the assignment. This assignment is also supported by 
the fact that the three zCH3C (vCD3C) contributions o f t e r t - b u t y l  formate con- 
centrate the bands near 263 (209) cm-  1 [ 22 ], and that the bands of other ethyl 
compounds appear near 270 ( 205 ) cm-  1 [ 23 ]. 

It should be noted that the ~OC'C band is characteristically strong in Ra- 
man spectra, since this band corresponds to one member of the kl array (the 
so-called LAM-1 accordion-like motion) in the v~(~CCC) mode [24] for 
CH3COO (CH2),CH3. 

The band corresponding to the (314 cm -I)  band of E-NCA-do appears at 
almost the same position in the liquid-state spectra of ethyl chloroacetates and 
also disappears on crystallization [11, 21], or becomes weak at low tempera- 
ture (dichloro-derivative) [21 ]. On the other hand, methyl analogues, M-NCA 
and their a-chloro-derivatives, give the ~COC band at much the same position 
in both the liquid- and crystalline-state spectra [8-10, 14, 19, 25, 26]. 

All the torsions, except that of TCO, are expected to change their positions 
on deuteration of acetoxy methyl or ethyl groups, as does the ~H3C band at 
284 cm-  ' of E-NCA-do. When the ethyl group is deuterated the 211 cm-  ' band 
shows very little change (vdo/vd5 - vd3/vds = 1.07 ), as does the 151 c m - '  band. 
The ~C-O modes of ethyl chloro- and cyano-formates were associated with 
bands at 148 and 143 cm-i ,  respectively [27]. Accordingly, the 151 cm-~ band 
is assigned to the ~C-O mode of E-NCAs. On the other hand, since the 211 
cm-  i band cannot be considered to arise from the ~CH3-O and ~O-CH2 modes, 
we assign this band to the ~COC mode in the t r a n s  conformer with the aid of 
the normal coordinate calculation. 
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