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Abstract 

Compounds such as caffeine, isocaffeine, 1,3-dimethyl-2,4-(1H,3H)-quinazolinedione, 1,3,5-trimethyluracil, 1,3,6-tri- 
methyluracil, and hydantoins exhibit vi~.ph~(C=O)2, Vip(C=O)2, and Vout.of_phasc(C=O)2, Vop(C=O)2, modes. The 
Vip(C=O) 2 mode always occurs at higher frequency than the vop(C=O) 2 mode in these five- and six-membered type cyclic 
imides. The frequency separation between Vip(C=O) 2 and Vop(C=O) 2 changes with change in physical state, and this fre- 
quency separation is larger in the solid state than it is in the vapor state. Moreover, the frequency separation between 
Vip(C=O) 2 and vop(C=O) 2 increases as the mole% CHCI3/CCI 4 increases. The study also shows that in some cases 
Vop(C=O) 2 is in Fermi resonance with a combination tone. In all cases, the Vop(C=O) 2 mode decreases more in frequency 
than the Vip(C=O) 2 mode decreases in frequency as the mole% CHCI3/CCI 4 increases, and this conforms to the Nyquist 
rule. The v(C=O) 2 modes for the five-membered type cyclic imides occur at higher frequency than the corresponding 
v(C=O) 2 modes for the six-membered type cyclic imides. These studies have also shown that different solute-solvent com- 
plexes are formed as the mole% CHCI3/CC14 changes. In addition, it has been shown that the absorbanee ratio for 
A[ Vip(C=O)2]/A[ Vop(C=O)2] decreases as the mole% CHC|3/CC14 increases. 

Keywords: Carbonyi groups; Imides, cyclic; Infrared spectrometry 

1. Introduction 

Group frequency data for compounds in a variety 
of  physical phases can be found in reference books 
[1-3]. We have used vibrational spectroscopy to in- 
vestigate solute-solvent  interactions for a variety of  
chemical compounds [4-28],  and these studies have 
also aided us in the elucidation of  the structures of  the 
solutes. 

Six-membered cyclic imides type compounds such 
as caffeine, occur in nature. In addition, s ix-mem- 
bered cyclic imides are useful for control of  certain 
diseases; 5-fluorouracil is an example. Since these 

* Corresponding author. 

compounds have unique biological activity, we have 
undertaken a vibrational spectroscopic study of sev- 
eral compounds containing the basic s ix-membered 
cyclic imide structure. 

The empirical structures of  caffeine (I)  and 5-flu- 
orouracil ( II)  are given in Scheme 1. Another name 
for caffeine is 1,3,7-trimethyl-2,6-dioxopurine, and 
another name for 5-fluorouracil is 2,4-dioxo-5-fluo- 
ropyrimidine. 

Hydantoins are f ive-membered rings which also 
contain an imide type structure. The structure of  hy- 
dantoin ( I I I )  is given in Scheme 2. Hydantoin ( l i d  
is formed from a naturally occurring amino acid. It is 
of  interest to compare infrared (IR) spectral data for 
hydantoins with those for caffeine, isocaffeine, 1,3- 
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dimethyl-2,4-(1H,3H)-quinazolinedione, and uracils, 
since both five- and six-membered rings contain the 
amino imide type structure (IV) (see Scheme 3). 

The present study of caffeine, isocaffeine, 1,3,5- 
trimethyluracil, 1,3,6-trimethyluracil, and 1,3-di- 
methyl-2,4-(1H,3H)-quinazolinedione in CCI 4 
and/or  CHCI 3 solutions is an extension of our inter- 
est in solute-solvent studies. In addition, correlations 
are presented for uracils and hydantoins whose IR 
data have been recorded in the solid phase. 

2. Experimental 

Infrared data were recorded using a Nicolet 710 
Fr-IR system. Stock solutions (0.125%) of 1,3,7-tri- 
methyl-2,6-dioxopurine, commonly called caffeine, 
in CCl 4 solution and in CHC13 solution were pre- 
pared. One-millilitre aliquots of the 0.25% CC14 
stock solution was put into glass bottles, and 0.1, 0.2, 
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, or 1 ml of the 0.125% 
CHCI 3 stock solution was added to one of the bottles 
containing 1 ml of the 0.125% CC14 stock solution. 
One-millilitre aliquots of the 0.125% CHC13 stock 
solution were placed in glass bottles, and 0.1, 0.2, 0.3, 
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H 
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Scheme 3. 

0.4, 0.5, 0.6, 0.7, 0.8, or 0.9 ml of the 0.125% CC14 
stock solution was added to one of the bottles con- 
taining I ml of the 0.125% CHCI 3 stock solution. The 
bottles were capped and shaken to insure uniform 
C H C 1 3 / C C ]  4 solutions of caffeine. Spectral resolu- 
tion for the recorded IR data is 2 cm -1. The band 
width of v(C=O) and other bands for compounds in 
the liquid, solution, or solid states are always a few 
cm -1. This is because each molecule of the com- 
pound is in a slightly different environment relative 
to its neighboring molecules. Thus, each of these 
molecules absorb at a slightly different frequency, 
and this causes the relatively wide band. Therefore, 
in the condensed phases the bands are resolved using 
an instrument resolution significantly less than the IR 
bands being recorded, say 2 cm-1. 

Samples of 1,3,5-trimethyluracil and 1,3,6-tri- 
methyluracil were prepared and their IR spectra 
recorded in the same manner as discussed above. The 
IR frequencies reported for the in-phase (C=O) 2 
stretching vibration, Vip(C=O)2, and the out of phase 
(C=O) 2 stretching vibration, //op(C=O)2, for the 
compounds studied in solution are determined and 
printed out by the data system's peak-picking algo- 
rithm. 

IR data presented in Tables 4 and 5 are read visu- 
ally from IR spectra in the Dow standard reference 
files or from Sadfler standard reference spectra (Bio- 
Rad Sadtler Research Division, Philadelphia, PA). 
The fxequency data as visually determined from the 
recorded spectra are approximated (estimated 5:2 
c m - 1 ) .  

3. Results and discussion 

3.1. Solution phase data 

IR data for caffeine in 0.125% CCI 4 and/or  
CHC13 solutions are given in Table 1. 
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3.2. Caffeine 

Caffeine (I) has two carbonyl groups joined 
to the 1-N atom. In a case such as this one would 
expect that the two C = O  groups would couple 
into an inphase (C=O)  2 stretching vibration, Vip- 
(C=O)2, and an out-of-phase (C=O)2 stretching vi- 
bration, Vop(C=O) 2. In the vibrational cycle, the 
vop(C=O) 2 mode would be expected to have a larger 
dipole moment change during its cycle than the dipole 
moment change during a cycle of vip(C=O) 2. There- 
fore, in the IR spectrum the Vov(C=O) 2 mode is ex- 
pected to have a stronger absorption band than 
Vip(C=O) 2. In addition, the Vop(C=O) 2 mode would 
be expected to occur at a lower frequency than the 
vip(C=O) 2 mode for the following reasons. During 
half of a cycle of vop(C=O) 2 only one of the car- 
bonyl carbon atoms is compressed into the ring while 
during half of a cycle of vip(C=O) 2 both carbonyl 
carbon atoms are compressed into the ring. Thus, less 
energy is required to compress one carbonyl carbon 
atom into the ring during a cycle of Vop(C=O) 2 than 

(') (+) (+) (-) 
O--C==N--C---O and O-m-C~N-~-C--O 

I I 
CHa CHa 

Scheme 4. 

is required to compress both carbonyl carbon atoms 
into the ring during a cycle of Vip(C=O) 2. In addi- 
tion, the Vop(C=O) 2 mode is stabilized alternatively 
between the resonance forms shown in Scheme 4. 

This type of alternate resonance does not occur for 
the Vip(C=O) 2 mode [29]. Thus, while compressing 
favors higher energy for the coupled 17ip(C=O) 2 
mode in imides, the valence bond electron delocal- 
ization through the central nitrogen atom favors lower 
energy for the coupled vop(C=O) 2 mode. We sug- 
gest that both of these factors contribute to the actual 
normal vibrational frequencies for vip(C=O) 2 and 
Vop(C=O) 2 in five- and six-membered type cyclic 
imides. 

IR bands for caffeine are observed at 1710.63 and 
1667.54 cm -1 in CC14 solution and at 1707.85 and 

Table 1 
Infrared data for caffeine in 0.125% carbon tetrachloride and/or chloroform solutions (0.203 nun KBr cell) 

Mole% vip(C=O) 2 lVop(C= O) 2 Pip(C=O)2 A[ Vip(C=O)2 ] A[ Vip(C=O)2 ] A[ rip(C-O)2 ] / 
CHCI3/CC1, t (era -1 ) (era -1 ) minus A[ Vop(C--O)2 ] 

op(C=O)2 
cm- l) 

0.00 1710.63 1667.54 43.09 0.193 0.298 0.65 
10.74 1710.17 1665.49 44.68 0.185 0.268 0.69 
19.40 1709.65 1664.01 45.64 0.177 0.256 0.69 
26.53 1709.22 1663.11 46.11 0.171 0.249 0.69 
32.50 1708.95 1662.68 46.27 0.172 0.251 0.69 
37.57 1708.68 1662.24 46.44 0.171 0.244 0.70 
41.93 1708.58 1662.04 46.54 0.170 0.240 0.71 
45.73 1708.46 1661.81 46.65 0.172 0.237 0.73 
49.06 1708.38 1661.66 46.72 0.172 0.237 0.73 
52.00 1708.29 1661.50 46.79 0.174 0.234 0.74 
54.62 1708.25 1661.35 46.90 0.173 0.231 0.75 
57.22 1708.17 1661.10 47.07 0.176 0.230 0.77 
60.07 1708.13 1660.95 47.18 0.177 0.229 0.77 
63.28 1708.07 1660.67 47.40 0.180 0.225 0.80 
66.73 1708.03 1660.48 47.55 0.182 0.225 0.81 
70.65 1708.00 1660.30 47.70 0.184 0.224 0.82 
75.06 1707.96 1660.02 47.94 0.185 0.223 0.83 
80.06 1707.92 1659.73 48.19 0.191 0.220 0.87 
85.05 1707.90 1659.38 48.52 0.195 0.216 0.90 
92.33 1707.87 1658.79 49.08 0.202 0.215 0.94 

100.00 1707.85 1658.36 49.49 0.204 0.210 0.97 

A (cm -1 ) -2.78 -9.18 6.40 
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1658.36 cm-1 in CHCI 3 solution. Based on the above 
discussion the IR band in the region 1707.85- 
1710.63 cm -1 is assigned as vip(C=O) 2 and the IR 
band in the region 1658.36-1667.54 cm -1 is as- 
signed as Vop(C=O) 2. We note that Vip(C=O) 2 de- 
creases by 2.78 cm-1 while vop(C=O) 2 decreases by 
9.18 cm -1 in going from CCI 4 solution to CHC13. 
These data also support our assignments of Vip- 
(C=O) 2 and Vop(C=O) 2, since Vop(C=O) 2 for ph- 
thalic anhydrides and for phthalimides always de- 
creases more in frequency than Vip(C=O) 2 in going 
from CC14 solution to CHC13 solution [1]. Similarly, 
the  Vasym(NO 2) and  //asym(SO2) modes are also more 
affected in going from CC14 solution to CHCI 3 solu- 
tion than are the corresponding /~'sym(NO2) a n d  

//sym(SO2) modes [1]. 

The Raman spectrum for caffeine in the solid state 
shows bands at 1699 and 1656 cm -1 [2]. The 1699 
cm-1 Raman band is approximately twice as strong 
as the 1656 cm -1 Raman band, and these intensity 
data support assignment of the 1699 cm -1 Raman 
band to the vip(C=O) 2 mode and the 1656 cm -t  
Raman band to the Vop(C=O) 2 mode for caffeine. 

The compound 1,3-dimethyl-2,4-(1H,3H)-quin- 
azolinedione (V) has the empirical structure as shown 
in Scheme 5. 

In the solid phase the medium intensity IR band at 
1701 cm -1 is assigned to Vip(C=O) 2 and the strong 
band at 1659 cm -1 is assigned to Vop(C=O) 2 for 
1,3-dimethyl-2,4-(1H,3H)-quinazolinedione. In the 
vapor phase this same compound exhibits Vip(C=O) 2 
at 1727 cm -1 and Vop(C=O) 2 at 1694 cm -1. Thus 
vlp(C=O) e occurs at a ca. 26 cm -~ higher frequency 
and  Vop(C=O) 2 occurs at a ca. 35 cn1-1 higher fre- 
quency in going from the solid phase to the vapor 
phase. As discussed above comparable shifts in 
Vip(C=O) 2 and Vop(C=O) 2 were observed for caf- 
feine in going from the solid phase to the vapor phase. 
The Vip(C=O) 2 mode for 1,3-dimethyl-2,4-(1H,3H) 
quinazolinedione occurs at a ca. 6 cm-1 lower fre- 
quency and the  Pop(C=O)2 mode occurs at ca. 5 

- 1 lower frequency than the comparable modes for 
caffeine when both samples are in the vapor phase 
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Fig. 1. Plot of Vlp(C=O) 2 for caffeine vs. mole% CHCI3/CCI 4. 
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Fig. 2. Plot of Vov(C=O) 2 for caffeine vs. mole% CHCI3/CCI 4. 

where intermolecular hydrogen bonding between 
N-H:O---C does not play a role. We attribute the shift 
to lower frequency to the larger resonance contribu- 
tion of the benzo group to the C=O group as com- 
pared to the five-membered ring present in caffeine. 

Fig. 1 is a plot of Vip(C=O) 2 for caffeine vs. 
mole% CHC13/CC14, and this plot shows that 
/)ip(C=O)2 decreases in frequency as the mole% 
CHCI3/CC14 decreases. 

Fig. 2 is a plot of Vop(C=O) 2 for caffeine vs. 
mole% CHCI3/CC14, and this plot shows a break at 
ca. 23 mole% CHC13/CC14. This break indicates that 
the type of intermolecularly hydrogen bonded corn- 

plexes formed between caffeine and the solvent sys- 
tem changes at ca. 23 mole% CHCI3/CCI 4. The 
complexes presented below help to explain the fre- 
quency behavior of Vip(C=O) 2 and Vop(C=O) 2 with 
change in the mole% CHCI3/CCI 4. 

The 2-carbonyl group for caffeine is expected to 
be more basic than the 6-carbonyl group, since the 
2-carbonyl group is joined to two N-CH 3 groups 
while the 6-carbonyl group is joined to one N-CH 3 
group and to an sp 2 carbon atom. A hydrogen bonded 
complex between the CI3CH proton and the free pair 
of electrons on the oxygen atom of the 2-carbonyl 
group of caffeine would then be expected to be 

(CCl4)n + (Cl3CH)m -'- (CI3CCI:HCCI3) x + (CI3CH:CICI2CH)y 

O 
H3C~ . . ~  ~!H3 

~ 1 ~  2 3 4 , ~  9 / 

"N -'N 
CI3CH I 

CH3 

VI 

HCCI3 
ee 

O CH3 
H3C.N,, ~ ~1N 

CI3CH" I 
CH3 

VII 
Scheme 6. 
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Fig. 3. Plot o f  Vop(C=O) 2 vs. v ip(C=O) 2 for caffeine at 0.125% concentration in CCq 4 and/or  CHCI 3 solution in the solvent mole% range 
0-100, 

formed before forming a complex with the free pair 
of electrons on the oxygen atom of the 6-carbonyl 
group. Therefore, at concentrations below ca. 23 
mole% CHC13/CC14 a complex such as VI is possi- 
ble while at higher mole% CHCI3/CC14 a complex 
such as VII is possible (see Scheme 6). However, 
additional intermoleeular hydrogen bond complexing 
between a CC13H proton and sites on the basic nitro- 
gen atoms of the five-membered ring are also most 
likely being formed as the mole% CHCI3/CC14 is 
increased. The continual decrease in frequency of 
Vop(C=O) 2 as the mole% CHC13/CC14 increases 
depends most likely upon the number of CI3CH 
molecules in the hydrogen bonded complex [viz. 
(C13CH:C1CI2CH),:C1CI2CH:O==42]. The larger the 
number n in the hydrogen bonded complex the lower 
the vop(C=O)2 frequency. This same statement also 
applies to the Vip(C=O) 2 mode. In the case of ace- 
tone [7], the shift in the v(C=O) mode frequency 
with change in the mole% CHC13/CCI 4 is attributed 
to intermolecular hydrogen bonding of the CHCI 3 
proton and the carbonyl group (CC13H. . .  O==C), 
and also to the reaction field of the solvent. The reac- 
tion field of the solvent is defined by the following 
equation [30]: 

I g l  = ( ~ - 1 ) / ( 2 e  + n 2) 

where e is the dielectric constant and n is the refrac- 
tive index of the solvent system. 

The mole% CHCI3/CC14 values plotted vs. the 
calculated [RI values for the corresponding CHC13/ 
CC14 solutions correlate in a linear manner [7], and 
we suggest the reaction field also contributes to the 
Vip(C=O) 2 and Vop(C=O) 2 shifts for the compounds 
included in this study. 

Fig. 3 shows a plot of Vop(C=O) 2 vs. rip(C-O) 2 
for caffeine. The plot shows that as Vop(C=O) 2 de- 
creases in frequency, v~(C=O) 2 decreases also in 
frequency, but not in a linear manner. 

Figs. 4 and 5 show plots of Vip(C=O) 2 vs. the 
IR absorbance ratio A[lPip(C---O)e]/A[vop(C=O)2] 
and Vop(C=O) 2 vs. the IR absorbance ratio 
A[ l)ip(C= 0 )  2 ]/A[ Vop(C = 0 )  2 ] for caffeine, respec- 
tively. These plots show that as the Vip(C=O) 2 and 
Vop(C=O) 2 modes decrease in frequency the band 
intensity ratio A[ Vip(C = O) z ]/A[ Vop(C = 0)  2 ] in- 
creases. Thus, the dipole moment change for ~'ip" 
(C =O) 2 hydrogen bonded complexes increases while 
the dipole moment change for Vop(C=O) e hydrogen 
bonded complexes decrease as the mole% CHC13/ 
CC14 increases. Fig. 5 also suggests the formation of 
two different types of complexes as was suggested 
from the study of Fig. 2. 

Fig. 6 shows a plot of the frequency difference 
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between Vip(C=O) 2 and 1,'op(C=O) 2 for caffeine vs. 
mole% CHCl3//CC14. This plot clearly shows that the 
frequency separation between these two v(C=O) 2 
modes increases as the mole% CHC13/CCI4in- 
creases. This plot suggests that a third complex is 
formed at mole% CHC]3/CC] 4 concentrations above 
ca. 52%. 

3.3. Isocaffeine 

Table 2 lists IR data for isocaffeine in CHC13/ 
CC14 solutions (isocaffeine is insoluble in CCl4). The 
~,ip(C=O)2 mode for isocaffeine is assigned at 
1711.33 cm -1 and Vop(C=O) 2 is assigned at 1663.95 
cm- 1 in CHCI 3 solution. In going from 10.74 mole% 
CHCI3/CC14 to 100 mole% CHC13/CCI 4, the 
Vop(C=O) 2 mode decreases by 9.23 cm -1 while the 
Vip(C=O) 2 mode decreases by 5.32 cm -1. Figs. 7 
and 8 show plots of Vlp(C=O) 2 vs. mole% CHC13/ 
CC14 and Vop(C=O) 2 vs. mole% CHCI3/CCI4, re- 
spectively. The plots in Figs. 7 and 8 show a break 
near 52 mole% CHC13/CCI 4 which suggests that 
there is a distinct change in the solute-solvent com- 
plex at this break point in each of the plots. Fig. 8 also 
shows a break point near 20 mole% CHC13/CC14 
which suggests a distinct change in the solute-solvent 
complex not readily apparent in Fig. 7. 

Fig. 9 shows a plot of vop(C=O) 2 vs. Vip(C=O) 2 
for isocaffeine in CHC13/CCI 4 solutions, and the 
plot is linear between 19.40 and 100 mole% 
CHCI3/CC14 . 

3. 4. 1,3,5- Trimethyluracil 

Table 3 lists IR data for 1,3,5-trimethyluracil 
(1,3,5-TMU) in 0.125% CHC13 and/or  CCI 4 solu- 
tions. Three strong IR bands are observed in the re- 
gion expected for the two carbonyl stretching bands 
for 1,3,5-TMU. These bands occur at 1706.62, 
1670.92, and 1653.53 cm -1 in CC14 solution and at 
1699.99, 1668.64, and 1640.44 cm -1 in CHC13 solu- 
tion. In CCI 4 solution the band intensities are 0.128, 
0.230, and 0.176 and in CHC13 solution these inten- 
sities are 0.124, 0.166, and 0.255 for the three bands 
listed in decreasing frequency, respectively. The 
highest frequency band in this set of data we assign 
to the vip(C=O) 2 mode for 1,3,5-TMU. This assign- 
ment is based upon both its frequency and IR band 
intensity. Assignment of Vop(C=O) 2 is not straight 
forward, and will be discussed later. 

Fig. 10 shows plots of the IR bands for 1,3,5-TMU 
occurring in the regions 1640.44-1653.53 cm -1 and 
1668.64-1670.92 cm -1 vs. mole% CHCI3/CCI 4. 
Both bands decrease in frequency as the mole% 
CHCI3/CC14 increases. An interesting feature of the 

A(vip(C=O~ / A(vop(C=O)=) 

o92 Caffeine (0.125% solulfons ) 
• I L o ell3 

II, ~lm II I~ 
o= k \ 

0.801 ~ t ikllke 3 0.76 

0.72~ 

I I I I I I I I I I I I I I I ~ 0  
1708.0 1708.4 1708.6 1709.2 1709.6 1710.0 1710.4 17110.8 

vlp (C =O)2,cm 4 
Fig. 4. Plot of vip(C=O) 2 vs. A[vlp(C=O)2]/A[Vop(C=O) 2] for caffeine at 0.125% concentration in CC14 and/or CHCI 3 solution in the 
solvent rnole%range 0-100. 
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Fig. 5. Plot of vop(C=O) 2 vs. A[ I~ip(C---O)2]/A [ Vop(C-O)2] for caffeine at 0.125% concentration in CCI 4 and/or  CHCI 3 solution in the 
solvent mole% range 0-100. 

absorbance data is that the IR band in the region 
1669.82-1670.92 cm -z has a higher intensity than 
the band in the region 1646.08-1653.53 cm -1. These 
bands are observed in CHCI3/CC14 solutions 
in the 0-32.5 mole% range. In the CHCI3/CC14 
mole% range 37.57-100, the IR band in the region 

1640.44-1645.63 cm -1 has a higher intensity than 
the IR band in the region 1668.64-1669.74 cm -1. 
These data indicate that these two bands are in Fermi 
resonance (FR). We have calculated the unperturbed 
Vop(C=O) 2 and the unperturbed combination tone 
(CT) by the method of Langseth and Lord [31,32]. 

Mole% 
CHCI~/CCl, 

,oo ,17 
90 Caffeine (0. ~ 25% solutions) 

O CHs 8O ,, ,. = / 

H3 
5O 

4O 

3O 

20 

10 

0 c 
43.5 44.5 45.5 46.5 47.5 48.5 49.5 

Vip (C =O)=, minus Vop (C =O)=,¢m" 

Fig. 6. Plot of the frequency difference between Vip(C=O) 2 and Vop(C=O) 2 for caffeine at 0.125% solution in CCI 4 and/or  CHCI 3 solu- 
tions vs. mole% CHC13/CCI 4. 



R.A. Nyquist, S~L. Fiedler / Vibrational Spectroscopy 8 (1995) 365-386 373 

Table 2 
Infrared data for isocaffeine in CHCI3/CC14 solutions (saturated at less than 0.06% in a 1.00 nun KBr cell) 

Mole% rip(C= O)2 lPop(C= O)2 A[ Pip(C=O)2] A[ Pop(C-O)2 ] A[ I~ip(C=O)2 ]// /,,ip(C= 0)2 minus 
C H C ]  3 / C C ]  4 (cm -1 ) (cm -1 ) A[/.,op(C = O)2 ] •op(C= O)2 

(CII1-1 ) 

0.00 . . . . . .  
10.74 1716.65 1673.18 - - - 43.74 
19.40 1716.30 1668.96 0.016 0.019 0.84 47.34 
26.53 1715.52 1668.21 0.025 0.034 0.74 47.31 
32.50 1714.85 1667.46 0.036 0.053 0.68 47.39 
37.57 1714.57 1667.14 0.041 0.075 0.55 47.43 
41.93 1714.35 1666.80 0.061 0.093 0.66 47.55 
45.73 1713.87 1666.38 0.071 0.109 0.65 47.46 
49.06 1713.95 1666.41 0.070 0.096 0.73 47.54 
52.00 1713.69 1666.28 0.086 0.134 0.64 47.41 
54.62 1713.20 1665.88 0.140 0.220 0.64 47.32 
57.22 1712.84 1665.54 0.225 0.355 0.63 47.30 
60.07 1712.76 1665.43 0.316 0.505 0.63 47.33 
63.28 1712.65 1665.31 0.281 0.435 0.65 47.34 
66.73 1712.41 1665.00 0.255 0.383 0.67 47.41 
70.65 1712.45 1664.94 0.317 0.495 0.64 47.51 
75.06 1712.18 1664.77 0.355 0.543 0.65 47.41 
80.06 1712.13 1664.71 0.336 0.521 0.64 47.42 
85.05 1711.84 1664.42 0.324 0.500 0.65 47.39 
92.33 1711.55 1664.16 0.339 0.522 0.65 47.38 

100.00 1711.33 1663.95 0.317 0.487 0.65 47.38 

A (cm-  1 ) - 5.32 - 9.23 

Fig. 10 also shows the plots of unperturbed Vop- occurs at higher frequency than unperturbed CT in the 
(C=O)2 and unperturbed CT vs, mole% CHela/  range 0-32.5 mole% C H e l a / e e l 4 ,  and in the 
CC14. These plots show that unperturbed vop(C=O) 2 37.57-100 mole% CHCla/CC14 range unperturbed 

CHCI~CG 

100 I oS~Caffeine 

" ~  " N 

8o " %  \ 
7o o.L ..LL 

" ~ C~ CH~ 60, i ~ i  

i " 
10 

0 I I I I I I I I I I I I 1711.5 1712.5 1713.5 1714.5 1715.5 1716.5 
Vlp (C=O)l, cm "i 

Fig. 7. Plot of Vip(C=O) 2 for isocaffeine vs. mole% CHCI3//CCI4. 
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CI-K~Cl, 
100 

9 O  

80 

70 

60 

50 

4O 

3o 

2O 

lO 

o; 

n N 

. ,c-  ~ 
o t.. 

I 

CHa 

I I I I I ~ I I I 
1664 1666 1868 1670 1672 

v0p (C =0)=, cm -~ 

Fig. 8. Plot of  Vop(C=O) 2 for isocaffeine vs. mole% CHCI3/CCI 4. 

i i 
1674 

~,op(C=O)2 occurs at lower frequency than unper- 
turbed CT. 

Fig. 11 shows a plot of Vip(C=O): for 1,3,5-TMU 
vs. mole% CHCI3/CCI 4. This plot shows that the 
vip(C=O) 2 mode shifts to lower frequency as the 

mole% CHCI3/CC14 is increased. The unperturbed 
//op(C=O) 2 mode decreases by 10.97 cm -1 in going 
from CC14 solution to CHCI 3 solution while the cor- 
responding decrease in frequency for vip(C=O) 2 is 
6.63 cm -1. The fact that unperturbed Vop(C=O) 2 de- 

vip (C=O)=, Cm-' 

1716.5 

1715.5 
Isocaffeine 

? 171,.5 1%, 

171 .5 
CH a C H 3  

1712.5 

1711.5 

I I i I I I I I I I I 
1664 1866 1868 1670 1672 1674 

Vop (C=Oh, cm "~ 

Fig. 9. Plot of vop(C=O) 2 vs.  lVip(C=O) 2 for isocaffeine in C H C I  3 and/or CHC13 solution in the solvent mole% range 0-100. 
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CH~ICCh 1,3,5- Trlmethyluracil 

'=r \ I o 
,o1-\ \ 1 I 

o 1642 1646 1650 1654 1658 1662 1666 1670 
cm-1 

Fig. 10. Plots for Vop(C=O) 2 and a combination tone (CT) in Fermi resonance and the calculated unperturbed ¢'op(C=O)2 and CF frequen- 
cies for 1,3,5-trimethyluracil vs. mole% CHCI3/CCI 4. 

creases more in frequency than Vip(C=O) 2 in going 
from 0 to 100 mole% C H C I 3 / C C I  4 adds support to 
the assignment of unperturbed Vop(C=O) 2. 

Comparison of the frequency separation between 
Vip(C=O) 2 and unperturbed /~op(C=O)2 of  43.24 
cm -1 at O mole% C H C 1 3 / C C I  4 and 47.58 cm -1 at 

100 mole% C H C I 3 / C C I  4 for 1,3,5-TMU vs. the 
comparable frequency separation of 43.09 cm-1 at 0 
mole% CHC13/CC14 and 49.49 cm -1 at 100 mole% 
CHC13/CCI 4 for caffeine also adds support to the 
assignment of unperturbed Vop(C=O) 2 for 1,3,5- 
TMU. 

Mole% 
CHC~/CCl, 

lOO 

90 

8o 

70 

60 

50 

4o 

3o 

2o 

lO 

o 

1,3,5- Trimethyluracil 
o 
N 

H=C I ~ N ~ , ,  ° l  N'CH3 

CH3 
(0.125'% ~ )  

I I I I I I I I I I l I I 

1700.0 1701.0 1702.0 1703.0 1704.0 1705.0 1706.0 
vil) (C =Oh, cm-' 

- 1707.0 

Fig. 11. Plot of Pip(C=O)2 for 1,3,5-trimethyluracil vs. mole% CHCI3/CCI 4. 
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Fig.  12. P lo t  o f  v l p ( C = O )  2 for  1 ,3 ,6 - t r imethy lurac i l  vs.  m o l e %  C H C 1 3 / C C I  4. 

3.5. 1,3,6-Trimethyluracil 

Table 4 lists IR data for 1,3,6-trimethyluracil 
(1,3,6-TMU) in 0.125 mole% CHC13 and/or  CC14 
solutions. The Vip(C=O) 2 mode for 1,3,6-TMU oc- 
curs at 1710.84 cm -1 in CC14 solution and at 1701.99 
cm -1 in CHCI 3 solution. The most intense IR band 
in the carbonyl stretching region for 1,3,6-TMU oc- 
curs at 1670.52 cm -1 in CC14 solution and at 1664.48 
cm -1 in CHC13 solution. The frequency difference 
between the band at 1670.52 cm -1 (CCI 4 solution) 
and the band at 1664.48 cm -1 (CHC13 solution) is 
6.04 cm -1, and the difference f o r  Vip(C~-O) 2 for 
1,3,6-TMU in CCI 4 and CHC13 solutions is 8.55 
cm -1. Based upon the Nyquist rule (NR) for the in- 
phase (C=O) 2 or (C=O) 3 and out-of-phase (C=O)2 
or (C=O) 3 stretching modes and for the symmetric 
and antisymmetric stretching modes for the NO 2 and 
SO 2 groups, it is not reasonable to assign the IR band 
in the region 1664-1671 cm -1 to only vop(C=O) 2. 
We suggest that the band in the region 1664-1671 
cm- 1 is in Fermi resonance (FR) with the band in the 
region 1623-1629 cm -1. Both of these bands de- 
crease in frequency as the mole% CHC13/CC14 in- 
creases, and we have calculated the unperturbed 

/Jop(C~-O)2 frequency by correction for FR by the 
method of Langseth and Lord [31,32] for each of the 
CHCI 3 and/or  CCI 4 solutions of 1,3,6-TMU. The 
frequency decrease for unperturbed Vop(C=O) 2 is 
10.6 em-1 vs. a frequency decrease of 8.9 cm-1 for 
Vip(C=O) 2 in going from CC14 solution to CHCI 3 
solution, and these data now fulfil the criterion for the 
NR. Thus, these data for 1,3,6-TMU indicate that 
these two bands discussed above are in FR, and un- 
perturbed Vop(C=O)2 occurs at lower frequency than 
the observed IR band which is in FR with the ob- 
served lower lying band which results primarily from 
a combination tone. 

Fig. 12 shows a plot of Vip(C=O) 2 for 1,3,6-TMU 
vs. the mole% CHC13/CC14. These data show that 
Vip(C=O) 2 decreases in frequency as the mole% 
CHC13/CCI 4 increases. In addition, it appears as 
though two linear lines intersect at ca. 48 mole% 
CHC13/CCI 4. This break point suggests that the type 
of intermolecular hydrogen bond equilibrium associ- 
ation between solvents and solute changes at ca. 48 
mole% CHC13/CCI 4. 

Fig. 13 shows plots of the two observed IR bands 
for 1,3,6-TMU occurring in the region 1620-1675 
cm-1, and also for these two bands which have been 
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6O 

50 1,3,6-Trim:thyluracil ~ ~  
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"1o " \\ 
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o 1625 " "  1635 1645 1655 1665 1675 
Cm -4 

Fig. 13. Plots of Vop(C=O) 2 and a combination tone (CT) in Fermi resonance and the calculated unperturbed Vop(C=O) 2 and CT frequen- 
cies for 1,3,5-trimethyluracil vs. mole% CHCI3/CC14. 

corrected for FR [31,32]. Unperturbed Vop(C=O) 2 
decreases as the mole% CHCI3/CC14 increases. 

Fig. 14 shows plots of unperturbed Vop(C=O) 2 and 
perturbed vop(C=O) in FR with a combination tone 

VS. //ip(C=O)2 for 1,3,6-TMU in CC14 and/or  
CHC13 solutions. These plots illustrate that both 
modes decrease in frequency as the mole% CHCI3/ 
CC14 increases. 

Vip (C =O~,cm -a 
1,3, 6- Trimethyluraci / 

1671 

HaG i-]1~ NsCH3 / 
1669 

1667 

I~'.'.~ ~ Vop (C =O)= unperturbed 

/ O  / i Oi I I i I i I I 

1661 

1659 

1702 1704 1706 1708 1710 
Vop (C =O)=,crn "1 

Fig. 14. Plots of perturbed vop(C = 0)  2 and Vop(C= 0)  2 corrected for Fermi resonance vs. rip(C= 0)  2 for 1,3,6-trimethyluracil in CC14 and/or 
CHC13 solutions. 
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Table 5 
Infrared data for 1,3-dimethyl-2,4-(1H,3H)-quinazolinedione in 0.125% CHCI3/CC14 solutions (0.207 mm KBr cell) 

Mole% Pip(C=O)2 CT b'op(C=O) 2 Unperturbed Unperturbed In Fermi resonance 
CHC13//CCI 4 (cm- 1) (cm- 1) (cm- 1) A[ lPop(C=O)2] CT (cm- 1) A[ViP - A A 

(cm-l)  (C=O) 2] (~  1671 (~ 1657 
cm- 1) cm- 1) 

lVip(C=O) 2 
minus 
unperturbed 
(cm -I) 

00.00 1711.63 1672 .84  1662.68  1667.00 1668.51 0.155 0.196 0.264 
10.74 1710.14 1671.85 1660.83 1664.71 1667.96 0.139 0.149 0.274 
19.40 1709.72 1671.87  1660 .54  1664.35 1668.05 0.137 0.141 0.278 
26.53 1708.11 1671 .88  1659 .16  1662.75 1668.28 0.127 0.111 0.282 
32.50 1707.19 1671.57  1658 .57  1662.03 1668.10 0.122 0.101 0.278 
37.57 1706.80 1672.16 1658 .29  1661.76 1668.68 0.122 0.093 0.278 
41.93 1706.41 1671 .87  1657 .96  1661.36 1668.46 0.120 0.089 0.275 
45.73 1706.16 1671.57  1657.75  1661.04 1668.27 0.120 0.085 0.272 
49.06 1705.90 1669.96 1657 .52  1660.40 1667.07 0.119 0.082 0.272 
52.00 1705.72 1669.96  1657 .34  1660.25 1667.04 0.118 0.081 0.270 
54.62 1705.59 1669.96  1657 .20  1660.13 1667.02 0.118 0.081 0.271 
57.22 1705.40 1670.35 1656.98  1659.95 1667.37 0.116 0.076 0.265 
60.07 1705.31 1669 .96  1656 .88  1659.81 1667.02 0.116 0.076 0.263 
63.28 1705.07 1670.24  1656 .57  1659.67 1667.13 0.116 0.077 0.262 
66.73 1704.90 1670.35 1656 .37  1659.35 1667.36 0.115 0.071 0.262 
70.65 1704.72 1670.13 1656.01 1659.17 1666.96 0.115 0.073 0.253 
75.06 1704.64 1670.74  1655 .84  1659.01 1667.56 0.116 0.070 0.259 
80.06 1704.37 1670.35 1655 .30  1658.28 1667.36 0.114 0.066 0.267 
85.05 1704.29 1669.57  1655 .16  1658.02 1666.70 0.111 0.062 0.250 
92.33 1704.04 1669.96 1654 .70  1657.80 1666.85 0.114 0.065 0.254 

100.00 1703.73 1670.70  1654.23  1657.40 1667.52 0.105 0.057 0.239 

A (cm -1) -7 .9  -2.14 -8.45 -9.60 -0.99 

44.62 
45.43 
45.37 
45.36 
45.16 
45.03 
45.06 
45.12 
45.50 
45.65 
45.47 
45.44 
45.50 
45.40 
45.55 
45.55 
45.47 
45.36 
46.27 
46.23 
46.33 

Mom % 
CHCla/CCI4 

,oo . "o 1,3-Dimethyl 2,4-(I_ 3H)-OuinazolinOione 
9O 

II 

8 0  " N ~ C H 3  

7O 

6O 

5O 

4O 

3O 

2O 

10 

0 I I I I l I I I I I I I I I I l~ I 

1704 1705 1706 1707 1708 1709 1710 1711 - 1712 
Vip (C = O)2,Cm "| 

Fig. 15. Plot of /:ip(C:O) 2 for 1,3-dimethyl-2,4-(1H,3H)-quinazolinedione vs. mole% CHCIs/CCI 4. 
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3.6. 1,3-Dimethyl-2,4-(1H,3H)-quinazolinedione 

Table 5 lists IR data for 1,3-dimethyl-2,4- 
(1H,3H)-quinazolinedione (V) as well as the unper- 
turbed Vop(C=O) 2 and the unperturbed CT which 
have been corrected for FR. Fig. 15 shows a plot of 
Vip(C=O) 2 for V vs. mole% CHC13/CC14.  This plot 
shows that vip(C=O) 2 decreases in frequency as the 
mole% CHCI3/CC14 increases. Fig. 16 shows plots 
of the perturbed and unperturbed CT and vop(C=O) 2 
frequencies vs. mole% CHC13/CCI 4. The filled cir- 
cles represent unperturbed vop(C=O)2, and the filled 
diamonds represent unperturbed CT. 

The frequency separation between Vip(C=O) 2 and 
unperturbed Vop(C=O) 2 varies between 44.62 cm -1 
in CC14 solution and 46.33 cm -~ in CHC13 solution 
for V. These frequency separations are similar to 
those exhibited by 1,3,5-TMU and caffeine. In addi- 
tion, unperturbed Vop(C=O) 2 decreases more in fre- 
quency (9.60 cm -1) than Vip(C=O) 2 (7.9 cm -1) in 
going from solution in CCI 4 to solution in CHC13. 
Both sets of data are consistent for six-membered 
cyclic imide type compounds (see Scheme 7). 

It is interesting to compare the vip(C=O) 2 and 
Vop(C=O) 2 frequencies for isocaffeine and caffeine. 
The Vip(C = 0)  2 modes for isocaffeine and caffeine at 
10.74 mole% CHCI3/CC14 occur at 1716.65 and 
1710.17 cm -1, respectively. In CHC13 solution, the 

Mole % 
CHCI~/CCl, 1,3-Dimethyl - 

0 

0~/" ~1~1 / ~"N 
I I 
CH3 CH3 

VIII 

Scheme 7. 

vip(C=O) 2 modes for isocaffeine and caffeine occur 
at 1711.33 and 1707.85 cm -1, respectively. The 
Vop(C=O)2 mode for isocaffeine and caffeine at 
10.74 mole% CHC13/CCI 4 occur at 1673.18 and 
1663.49 cm -1, respectively. The Vop(C=O) 2 mode 
for isocaffeine and caffeine occur at 1663.95 and 
1658.36 cm-1 in CHC13 solution. Thus, in all cases 
the v(C=O) 2 modes for isocaffeine occur at higher 
frequency than those for caffeine, and the only dif- 
ference in the structure of the two compounds is the 
position of the N-CH 3 and ~ N  groups. 

We suggest that there is a field effect between the 
lone pair of electrons of the 7-N atom and the 6-C=O 
group that causes both v(C=O) 2 modes of isocaf- 
feine to occur at higher frequency than the corre- 
sponding modes for caffeine. An example of the field 

100 

80 

70 

60 

50' 

40 

30~ 

2O 

10 

0 I 
1656 

2,4-(1H__, 3H)-Quinazolindione. [* 
9 • o t 

0 • 

1660 1664 166 
Cm-I 

O 
O 

1672 

Fig. 16. Plots of perturbed l~op(C=O)2 and the perturbed combination tone (CT) and Vop(C=O) 2 and CT corrected for Fermi resonance for 
1,3-dimethyl-2,4-(1H,3H)-quinazolinedione vs. mole% CHC13/CC14. 
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Table 6 
IR data for uracils in the solid state 

Urac i l  Vip(C = 0 )  2 //op(C = 0)  2 A[/Pip(C = 0 )  2 ] A[/)op(C m 0 )  2 ] Pip(C = 0 )  2 m i n u s  
(cm- 1) (cm- 1) roy( C = 0) 2 

( ~ I n -  1) 

5-Fluoro 1710 1661 0.48 0.95 49 
5-Amino 1750 1670 M S 80 
5-Methyl 1745 1675 1.27 0.30 70 
5-Bromo 1704 1680 S M S 24 
5-Chloro 1718 1695 S M 23 
5-Nitro 1719 1695 WM S 24 
5-Acetyl 1730 1704 M S 26 
6-Methyl 1720 1685 1.74 1.15 35 
1,3-Dimethyl 1710 1658 M S 52 
1,3-Dimethyl (VP (1733) (1699) (M) (S) (34) 
1,3-Dimethyl-5-(morpholinecarbonyl) 1709 1659 M S 50 
1,3-Dimethyl-5-nitro 17020 1668 M S 52 
1,6-Dimethyl-3-(p-chloro- 1700 1648 M S 52 
phenyl)-5-Br 
1,3-bis-(2-Aminoethyl-2HCl) 1701 1659 M S 42 
1,3,5-Trimethyl 1701 1667 M S 34 
1,3,6-Trimethyl 1689 1652 M S 37 
Range 1689-1750 1652-1704 23-80 

Vapor phase data (at 260°C in a 7.6 cm KBr cell) shown in parentheses are 
M = medium. 
VM = weak medium. 
MS = medium strong. 
S = strong. 

effect upon carbonyl stretching frequencies is il- 
lustrated by methyl 5-chloro-6-methyl-2-picolinate 
which exists as rotational isomers in solution. The 
carbonyl band in rotational isomer IX (see Scheme 8) 
occurs at a ca. 23 cm-1 higher frequency than the 
carbonyl band in rotational isomer X, and u(C=O) 
for rotational isomer X occurs at a frequency essen- 
tially identical to that exhibited by methyl benzoate 
XI (1730 cm-1). The relatively high u(C=O) fre- 
quency exhibited by rotational isomer IX we at- 
tribute to a field effect between the C=O group and 
the free pair of electrons on the N atom. The struc- 
ture X is assigned on the basis that v(C=O) occurs 
at a frequency comparable to that exhibited by XI. 

3. Z Solid phase data for uracils and hydantoins 

Table 6 lists Uip(C=O) 2 and Uop(C=O) 2 frequen- 
cies for a series of uracils in the solid phase (also 
listed are the frequencies for 1,3-dimethyluracil in the 
vapor phase). The frequencies listed in Table 6 were 
read visually from either Sadtler standard spectra or 
from the Dow standard reference spectra, and these 
are approximated frequencies ( + 2 cm-  i). 

obtained from the Sadtler standard collection. 

The 5- and 6-substituted uracils XII (Scheme 9) 
contain two N - H  groups and in the solid phase these 
compounds are intermolecularly hydrogen bonded 
such as XIIl (Scheme 10). 

Therefore, the Uip(C=O) 2 and Uop(C=O) 2 fre- 
quencies for the 5- and 6-substituted uracils listed in 
Table 6 are for the intermolecularly hydrogen bonded 
species. For the 5- and 6-uracils studied intermolecu- 
larly hydrogen bonded Uip(C=O) 2 occurs in the re- 
gion 1704-1750 cm -1 and intermolecularly hydro- 
gen bonded Vop(C=O) 2 occurs in the region 1661- 
1704 cm -1. The frequency separation between inter- 
molecularly hydrogen bonded Vip(C=O) 2 and 
Vop(C=O) 2 varies between 23 and 80 cm -1. This 
variance most likely results from the strength of the 
intermolecular hydrogen bond and the crystal struc- 
ture of the 5- and 6-substituted uracil in the solid 
phase. 

In the solid phase 1,3-dimethyluracil exhibits 
Uip(C=O) 2 at 1710 cm -1 and Voo(C=O) 2 at 1658 
cm -1 while in the vapor phase Uip(C=O) 2 occurs at 
1733 cm -1 and uop(C=O) 2 at 1699 cm -1. Thus, 
Uip(C=O) 2 decreases in frequency by ca. 23 cm -1 
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H3C\ 
o o o 

HaC.o...IcI... /N.~ /CHa O. ~ . / ~ .  /CH3 It 

vC=O, 1750 "1 (CS 2 soln.) vC--O, 1727 cm "1 (CS 2 soln.) vC=O, 1730 cm "1 (CCI 4 soln.) 

O( X )O 

Scheme 8. 

while ~op(C=O)2 decreases by ca. 41 c m  - 1  in going 
from the vapor phase to the solid phase. There are no 
N-H groups in the case of 1,3-dimethyhracil, and the 
lower frequencies observed for both vip(C=O) 2 and 
Vop(C=O) 2 in the solid phase compared to the vapor 
phase cannot be attributed to intermolecular hydro- 
gen bonding. The decrease in frequency we suggest 
results from dipolar interaction between molecules in 
the solid phase, and also from the crystalline struc- 
ture. The uracils which contain 1,3-dimethyl groups 
or are substituted in the 1,3-positions studied in the 
sold phase exhibit vip(C=O) 2 in the region 1689- 
1710 cm -1 and Vop(C=O) 2 in the region 1652-1667 
cm -1. The Vop(C=O) 2 mode has a strong band in- 
tensity and the Vip(C=O) 2 mode has a medium band 
intensity in the case of 1,3-dimethyl substituted 
uracils. In contrast, the IR band intensity for Vip- 
(C=O) 2 and Vop(C=O) 2 for the 5- and 6-substituted 
uracils varies, since Vop(C=O) 2 does not consistently 
have a higher band intensity than Vip(C=O) 2. 

Infrared data for hydantoins (HI) in the solid phase 
are listed in Table 7. Hydantoins contain a five- 
membered ring cyclic imide [N-(C=O) 2 ] type struc- 
ture and a cyclic urea type structure. In compounds 
such as hydantoin it is possible for the two carbonyl 

0 

° 
I 

H 

XII 
Scheme 9. 

groups to couple forming an in-phase (C=O)2 
stretching mode, /)ip(C=O)2 , and an out-of-phase 
(C=O) 2 stretching mode, Vop(C=O) 2 rather than 
cyclic urea and cyclic amide type carbonyl stretching 
modes. The data presented below shows that hydan- 
toins exhibit Vip(C=O) 2 and Vop(C=O) 2 modes. 

Hydantoin (HI) exhibits IR bands at 1825 and 
1785 cm -1 in the vapor phase and at 1783 and 1717 
cm -1 in the solid phase. The band intensity ratio 
A(1825 cm-1)/A(1785 cm -1) is 0.1 in the vapor 
phase and in the solid phase the band intensity ratio 
A(1783 cm-l)/A(1717 cm -1) is 0.56. The higher 
frequency band in each set we assign as /Jip(C=O)2 
and the lower frequency band as Vop(C=O) 2. We note 
that the frequency separation between Vip(C=O)2 and 
Vop(C=O) 2 for hydantoin is 40 c m  - 1  in the vapor 
phase and 66 cm-1 in the solid phase. Thus, there is 
a considerable change in the /Jip(C=O)2 and Vop- 
(C=O) 2 modes in going from the solid state to the 
vapor state. In the vapor phase a band can be ob- 
served at 3495 cm-1 for hydantoin which we assign 
to a non-hydrogen bonded N-H stretching mode, 
v~r d. However, in the solid phase IR bands are noted 
at 3150 and 3260 cm -1 for hydantoin, which we as- 
sign as hydrogen bonded v(NH) modes. Thus, the 
/Jip(C=O)2 and Vop(C--O) 2 modes occur at lower 
frequency in the solid state than they occur in the va- 
por state due to intermolecular hydrogen bonding be- 
tween C=O and N-H groups (C=O:H-N) in the 
solid phase, while in the vapor state at elevated tem- 
perature the hydantoin molecules are not intermolec- 

~ N - - H : O : C  ~ 
t I 

~ C - - O : H - - N ~  

Scheme 10. 
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ularly hydrogen bonded. It is obvious that inter- 
molecular hydrogen bonding affects Vip(C=O) 2 dif- 
ferently than Vop(C=O)2, since their frequency sepa- 
ration changes from 66 cm-1 in the solid phase to 40 
cm-1 in the vapor phase. 

In the solid phase hydantoins substituted only in 
the 5,5-positions with alkyl or aryl groups exhibit 
Uip(C=O) 2 in the region 1755-1781 cm -1 and 
Uop(C=O) 2 in the region 1702-1744 cm -1. In the 
vapor phase both modes occur at significantly higher 
frequency than they occur in the solid phase, and 
l.'ip(C~-O)2 occurs near 1809 cm -1 and Vop(C=O) 2 
near 1774 cm -1 in the vapor phase. Again, inter- 
molecular hydrogen bonding between C= O and N-H 
groups ( C = O : H - N )  affects the Vip(C=O) 2 and 
Vop(C= O) 2 modes, since their frequency separation is 
54-62 cm -1 in the solid phase and 34-35 cm-1 in 
the vapor phase. 

The shift of vop(C=O) 2 relative to uip(C=O) 2 in 
going from the vapor phase to the solid phase in the 
case of hydantoin is exactly that predicted by the 
Nyquist rule for systems undergoing increasing sol- 
vent association. 

In the solid phase, the hydantoins substituted in the 
1,3-positions with alkyl or aryl groups exhibit 
/Jip(C=O)2 in the region 1770-1782 cm -1 and 
Vop(C=O) 2 in the region 1711-1723 cm -1. In these 
cases the C=O groups are not intermolecularly hy- 
drogen bonded, and they do not exhibit u(NH) ab- 
sorption bands. 

It is interesting to compare the Uip(C=O) 2 fre- 
quencies for uracils and hydantoins. In the solid phase 
the uracils and hydantoins exhibit vip(C=O) 2 in the 
region 1689-1750 cm-1 (six-membered ring) and in 
the region 1755-1783 cm -1 (five-membered ring), 
respectively, while uracils and hydantoins in the solid 
phase exhibit ~,op(C=O)2 in the region 1652-1704 
cm -1 (six-membered ring) and in the region 1702- 
1744 cm -1 (5-membered ring), respectively. Both 
uip(C=O) 2 and Vop(C=O) 2 occur at higher frequen- 
cies for hydantoins than the corresponding Uip- 
(C=O) 2 and Uop(C=O) 2 uracils, and this we at- 
tribute to ring strain of the five-membered ring. The 
ring strain causes changes in the carbonyl bond an- 
gles which make it more difficult for Vip(C=O) 2 and 
~,op(C=O)2 to vibrate. The ring bond angles are 
smaller in the case of hydantoins than in the case of 
uracils, thus, l)ip(C=O) 2 and /Jop(C=O)2 frequencies 

for hydantoins occur at higher frequency than the 
corresponding modes exhibited by uracils. 

The compound 5,5-dimethylhydantoin in the solid 
phase exhibits three IR bands in the region expected 
for vip(C=O) 2 and Vop(C=O) 2 while only two IR 
bands are expected. The band at 1779 cm -1 is as- 
signed to the ui.(C=O) 2 mode. The IR bands at 1716 
and 1744 cm -t" have approximately equal intensity. 
These two bands most likely result from the combi- 
nation tone (795 cm -1 + 929 cm-1 = 1724 cm-1) in 
Fermi resonance with Vop(C=O) 2. 

The compounds 5-methyl-5-phenylhydantoin and 
5-methyl-5-chlorophenylhydantoin in the solid phase 
exhibit Vip(C=O) 2 at 1758 and 1777 cm -1, respec- 
tively. Both of these compounds exhibit two IR bands 
in the region expected for Vop(C=O) 2. These strong 
IR bands occur at 1709 and 1720 cm -1 for 5- 
methyl-5-phenylhydantoin and at 1720 and 1727 
cm -1 for 5-methyl-5-chlorophenylhydantoin. These 
two IR bands may result from Vop(C=O) 2 in Fermi 
resonance with a combination tone. 

The hydantoins in the solid phase in Table 7 ex- 
hibit v(NH) in the region 3150-3300 cm -~, 
Vip(C=O) 2 in the region 1755-1783 cm -1, and 
vop(C=O) 2 in the region 1702-1744 cm -1. In some 
cases Uop(C=O) 2 occurs as a doublet most likely the 
result of being in Fermi resonance with a combina- 
tion tone. The hydantoins in the vapor phase listed in 
Table 7 exhibit v(NH) in the region 3485-3495 
cm -1, Vip(C=O) 2 in the region 1808-1825 cm -1, 
and Vop(C=O) 2 in the region 1774-1785 cm -1. 
These frequency differences are due to the fact that 
the hydantoins are intermolecularly hydrogen bonded 
in the solid phase, but are not intermolecularly hy- 
drogen bonded in the vapor phase. The frequency 
separation between Vip(C=O) 2 and Vop(C=O) 2 is 
larger in the solid phase than in the vapor phase. In 
summary, the group frequencies listed in Table 7 
should aid in the identification of hydantoins by ap- 
plication of IR spectroscopy. 

Appendix 1 

The Nyquist rule (NR) 
The difference in the frequency behavior of nor- 

mal vibrations originating within the same functional 
group of chemical compounds containing functional 
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groups such as O(C=O)2, N(C=O)2, NO 2, 8 0  2 or 
NH 2 with change in the physical environment of the 
compound (e.g., solution, liquid, solid or vapor state) 
apparently follow a rule. This rule was developed by 
Nyquist and is defined below. 

The NR states that the frequency shift of antisym- 
metric stretching vibration is larger than that for the 
symmetric vibration or the frequency shift of out-of- 
phase stretching vibration is larger than that for the 
in-phase vibrations for the functional groups of 
chemicals whose vibrational spectra have been 
recorded in two or more physical states. For exam- 
ple, during an /.Iop(C~-O) 2 mode for a compound in 
dilute solution, one C = O  bond expands toward 
neighboring solvent molecules while the other C = O 
bond contracts from neighboring solvent molecules. 
Thus, there is an equal alternating solute-solvent in- 
teraction (either dipolar or intermolecular hydrogen 
bonding) during a cycle of Vop(C=O) 2. The net re- 
sult is that the amount of energy required during half 
of the vibrational cycle is equal to the amount of en- 
ergy required for the other half of the vibrational cy- 
cle due to the solute-solvent interaction. In the case 
of /)ip(C:O)2 both C=O bonds expand or contract 
from neighboring solvent molecules in-phase during 
a cycle of this molecular vibration. Thus, there is an 
alternating in-phase solute-solvent interaction of the 
two C=O bonds with surrounding solvent molecules 
during a cycle of b'ip(C~--O) 2. It follows that more 
energy is required for the two C=O bonds to con- 
tract away or expand toward solvent molecules dur- 
ing a cycle of Vip(C=O) 2 than it does for the alter- 
nating expansion and contraction of two C= 0 bonds 
during a cycle of Vop(C=O) 2. Consequently, the 
vip(C=O) 2 frequency does not decrease as much as 
the Vop(C=O) 2 frequency when induced with dipolar 
or hydrogen bonding interactions with neighboring 
molecules [33]. 
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