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INFRARED AND RAMAN STUDY OF THE LOCAL ANESTHETIC PROCAINE
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Departamento de Quimica-Fisica 1 (Espectroscopia). Facultad de Ciencias

Quimicas. Universidad Complutense de Madrid. Madrid 28040. SPAIN.

ABSTRACT

The infrared and Laser Raman spectra of procaine with free basis in the
solid state were obtained. The characteristic vibrational frequencies of their
different modes were lidentified and assigned from isotope shifts and
theoretical calculations. An infrared study in the liquid phase was also
carried out. The corresponding rotation and inversion barriers in p-amino

group were computed by means of different optimization procedures.

INTRODUCTION

R ; . . ; .
Several theories exist in the literature on the mode of actmh2 in local
anaesthetics, the phenomena of drug resistance and toxicity. Information on

the interaction3 of local anaesthetics with phospholipids and lipoprotein
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parts of the membrane can be obtained at the molecular level by spectroscopic
fmve.c,tigations4 on structural changes of the system. As a first step in these
investigations, the Infrared (IR} and Raman spectra of several local
anesthetics have been reporteds. Procaine (2-diethyl-aminoethyl ester 4-amino
benzoic acid) is another local anesthetic that has important pharmaceutical
applications.

X-ray studies of procaine6 (PRC) and its different derivative57 show a
structure remarkably similar to natural compounds actively participating in
nerve impulse transmission. The conformation of the alkylamino end of the
molecule, the quinonoidal character of the p-aminobenzoate group, and the
proximity of the carbonyl oxygen to the ammonium nitrogen are considered to be
necessary for an effective interaction with the receptor?

In the present paper, the vibrational spectra and the molecular and
conformational aspects of PRC, especially in the p-aminc group, were studied,
in order to throw more light on the relationship between structure and

activity in local anesthetics.

EXPERIMENTAL

Samples of procaine were obtained from Merck at the highest purity
available (99%) and used without further purification. DZO was obtained from
Junta de Energia Nuclear (Spain) with a purity of 99.7%. Deuteration of the
samples was carried out using several methodss'g,

Infrared absorption spectra of samples in KBr pellets were recorded using
a Perkin-Elmer 599E spectrophotometer, which is connected to a computer. For
the study of the solid-liquid change, the samples were warmed with a
thermocouple in a cell with external windows of KBr, using the automatic
temperature contrcller CTC-250 (Beckman!. The scale employed ranged from room
temperature to 200°C

The Raman spectra were recorded with spectral slit widths of 100-400 um
on a Ramanor Model U-1000 Raman spectrophotometer using a Spectra Physics 165

Ar® ion Laser, at 100-400 mW power.
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COMPUTATIONAL METHODS

All AM]’O calculations were performed with the VAX/IVZ version of AMPAC

1112 The CNDO/2 semiempirical method with standard

2.1 program package
parametrizationl3 was also considered to optimize the geometry of the amino
groups and several selected torsional angles.

To evaluate graphically the correctness of starting geometrles prior to
computation and to review the resulting optimized structure after calculation,

the DRAW program was used", carried out in a Tektronic 4105 model, a

high-resolution graphics computer terminal.

RESULTS AND DISCUSSION

GEOMETRY OPTIMIZATION

The geometry of the PRC molecule in its optimum conformation and the
geometric parameters obtained with the AM! method are shown in Fig. 1. The
intermolecular hydrogen bonds formed in the crystal structure of PRC are
presented in Fig. 2. The geometry of the molecule, especially of the p-amino
group, was theoretically optimized, and a tilt angle € of 3.6° of the C-N

bond with respect to the plane of the aromatic ring was identified

VIBRATIONAL SPECTRA

SOLID STATE
The infrared spectra of non-deuterated and deuterated solid PRC are
illustrated in Figs. 3-4, while the Raman spectra are giver in Figs 5-7. The
frequencies of the bands, their intensities estimated and the assignments are

listed in Table 1.

(N-H) stretching vibrations: Since C2v symmetry is assigned to the

p-amino group, most of the vibrations observed by IR spectroscopy were

detected in Raman. In IR, the symmetric and antisymmetric N-H stretching modes
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Fig. 1. Optimum geometry of PRC computed by AMI1

Fig. 2.

Intermolecular hydrogens bonds in the crystal structure of PRC
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Fig. 3. Infrared spectrum of the PRC a) in the solid state,
deuterated, b) in the solid state, non-deuterated, and <c¢) in the liquid phase

at 75°C near melting point.

1

' (3371.5 and 3453.5 cm' in

were assigned to the bands at 3360 and 3458 cm
Raman) respectively, the intensity of the v (NHZ) mode being higher than the
s

v.s(NHz)' These frequencies (as in Raman) are not in accordance with the

Krueger-Thompson relationshipls. p Bl X 21 eml This discrepancy
s

is compatible with the existence of intermolecular hydrogen bonds. Thus, the

band at 3240 cm ' in IR could be interpreted as vibrations in N-H groups
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Fig. 4. A detail of the IR
spectrum in the 200-800 cm

range of the solid state of

PRC. a) deuterated (broken
line) and non-deuterated
(solid line), b) substracting
the nondeuterated and
deuterated spectra in a

computer program.
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800 400
WAVENUMBER (cm™!)

associated with intermolecular hydrogen bonds, or as Fermi resonance betiween
the overtone of the 6(NH2) mode and v‘(NHzL

The apparent decrease in intensity on deuteration of the antisymmetric
and symmetric stretching bands of the free NH2 is smaller than the band at
3240 em”' (IR), which was reasonably attributed to the relative stabilities of
the N-H:---0 intermolecular hydrogen bonds in the crystal. Thus the hydrogens
that belong to the intermolecular bonds are more easily exchanged by deuterium

than are those pertaining tc the free amino groups.

Fig. 3b, shows new bands., sharp and relatively intense. at 2590 and 2438

by

cm © corresponding to v (N-D) and v (N-D) in NDz groups, respectively
as s

The NH/ND relation is 1.333 and 1.38C in the antisymmetric and symmetric modes
respectively, as in the Raman spectrum. The frequency splitting in ND2 is
greater than in NHz' with a ratio NHZ/NDZ: 0.64, far from that 1"eportedm in

aniline 0.73.
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Using the Krueger-Thompson relationshlpls. the value v‘(N-D)c'L

1

vs(N-D)°'“ = 47 eom is higher than in NH, group; hence the harmonic

approximation is not followed in the p-amino group when the isotopic shift is

produced. Accordingly, the values of the force constants Kun = 6.46 x 105
A A
dyn cm, K = 6.59 x 10° dyn cn”' and HNH and DND angles ©, = 115.5°,

eD = 118.9°, based on the Linnett‘7 equations, were obtained. The variation of
the V2 rotation barrier with deuteration (Table 2) suggests that, when
isotopic changes are superimposed on a probable increase in the coupling
between v, and V. vibrations, there is a real change in the geometry of
amine group. This fact is in accordance with that observed in other local
anaesthetics5 and in several chlorinated derivatives of phenol’a. as well as
agreeing with the results using the Krueger-Thompson relationshipl5 in the ND2
group: v'(N—D) = 723.4 + 0.682 v.‘(N—D). Thus, the value

cal. &

v v, *P-= 52 cm™' obtained is higher than that computed in NH, group.

The presence in the IR spectrum of other new bands at 3402 and 2518 em”?
must be attributed to the v(N-H) and v(N-D) vibrations in partially deuterated
NHD groups. Their frequency ratio v(N-H)/v(N-D) = 1.351 (1.350 1in Raman) is
in accordances with the harmonic approximation. Similar relations in NH2 and
ND2 groups for the antisymmetric and symmetric vibrations were also
calculated, with values 1.335 and 1.378 respectively. The v.'(N-H)'HZ-
v(N-H)mm difference is larger than v(N-H)mm- v.(N_H)mu in agreement with a
slightly higher contribution of the symmetric character in the N-H bond of the
NHD group. The lower difference in v..(N°D)un2' v(N—D)'mD than that obtained
between v(N-D) - v (N-D) is in agreement with a slight increment of the

NHD s ND2
antisymmetric character in the N-D bond of the NHD group. A greater decrease
in the intensity of the v, mode than in the L with the isotopic shift is

also observed.

Other internal vibrations of p-amino group: Apart from the stretching

frequencies, the p-amino group has scissoring, rocking, wagging and torsional

1

modes. Thus the frequencies at 1625 em  (IR) and 1606 cm™’ (Raman) were
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-1 . .
Table 1. Frequencies observed, in cm ', intensity measured and assignment

proposal for the bands of PRC.

Infrared Raman
solid liquid solid Assignment
non-deut. deuter. 75°C 17SCC non-deuter. deuter.

3458 vs 3450 s 3450 m 3460 m 3453.5 m 3455 vw v (N-H)

as

- 3402 s - - - 3405 m v(N-HJ in NHD
336C vs 3358 s 3352 s 3360 s 3371.5 vs 3370 m vs(N-HJ

- - - - 3300 m - V(N-H-“)_lm”. ?
3240 s 3240 w 3190 m 3205 vw 3234 m - v(N-H--- )lnter. ?
3060 vw - - - 3068 s 3069.5 s v(C-H) 20a

- - - ~ 3054.5m 3053.5 m v(C-H) 20a
3034 w 3034 w - - 3025.5 w - v(C-H) 20b or 7b

- - - - 2989.5 w 2990 w v.s(C-H) in CH3
2962 s 2962 s 2950 s 2950 s 2950.5 vs 2950.5 vs v“(C-H) in CH2
2922 vw 2922 vw 2922 sh - 2929 s 2929 s v“(C-H) in CH2
2862 m 2862 m 2862 sh - 2871.5m 2871.5m v‘(C-H) in CHz
2818 s 2818 m 2804 m 2804 m 2828 w 2828 W v‘(C-H) in CH2
2675 w2700 vw 2675 vw - - - v(C=C) o I'(NHZ)?

- 2590 s - - - 2590 w v“(N-D)

- 2518 s - - - 2523 s v(N-D) in NHD

- 2438 s - - - 2443 vs v‘(N-D)
2400 vw - - - - - B‘(NHZ) + &(CCC)?
2130 vw - 2130 vw - - - t(NHz) + v(C=C})?
1920 vw 1920 vw 1920 w - - - 2y (C-H)
1665 vs 1665 vs 1693 vs 1700 vs 1671.5 s 1671.5 s w(C=0)

- - - - 1660 m - Bs(NHZ) ?
1625 vs 1620 sh 1620 vs 1620 vs 1606 w - BS(NHZ)
1600 vs 1600 vs 1598 vs 1598 vs 1592.5 vs 1594.5 vs v(C=C) 8a
1570 m 1570 w 1570 vw 1570 vw 1569.5 m - v{C=C) 8b
1518 vs 1515 vs 1510 s 1510 s 1521.5 w 1525 vw  »(C=C} 19a
1470 vw 1480 wvw - - - - v(C=C)} 19b
1453 s 1451 m 1448 sh 1452 w 1455.5 vw 1456 vw BBS(C-H) in CH2
1442 s 1430 m 1432 m 1435 m 1444 w - 6.S(C-H) in CH2
1380 s 1380 s - - - - 6as(C—H) in CH2

1374 s 1372 s 1368 m 137S m 1374 m 1374.5 m & (C-H) in CH3
s

1368 s 1365 s - - - - 8 {(C-H) in CH3
s



03:46 30 January 2011

Downl oaded At:

INFRARED AND RAMAN STUDY OF PROCAINE

Table 1. Continued

- 1355 sh -
- 1345 m -
1335 m 1332 m -
1320 s 1318 m -
1310 s 1308 s 1305
1275 vs 1270 vs 1265
1242 sh 1240 sh -
1205 m 1205 m 1198
1170 vs 1168 vs 1167
- 1160 sh -
1128 vs 1130 s 1108
1110 w 1108 sh -
1080 m 1078 w 1073
1050 vw 1048 vw -
1018 s 1018 s 1008
988 m 985 m 965
928 m 928 m 926
870 w 867 w -
842 s 842 s 840
805 w 805 vw -
773 vs 775 vs 770
728 m 728 m 730
703 s 703 s 695
640 m 640 m 639
620 s 614 m 615
575 br - -
535 w S35 w -
- 516 sh -
508 s 508 s 506
470 w - -
418 w 417 vw -
- 400 br -
398 w - -
- 380 w

m

vs

vs

sh

3 £ 3 %

1305
1265

1198
1167

1108

1008
965

840

768
730
695
639
615

vs

vs

vw

wn

3 £ 3 £

1323
1309

1276.

1243

1168.

1131
1110

987
927
890
867
847

775.

730
703

639.

622

536

.S vw

m

S vs

vw

S vs

VW

vw

.5 vw

.5 vw

vs

vs

S vw

Ss

vw

519 vw

496.

414

401

VW

1309.5 w
1276.5 vs
1243 vw
1169 s
1160 sh

988.5 vw

890 vw
868 vs
848 vs

775 vw
729.
704 w
639

618 m
564.5 vw
539.5 vw

518.
495.5 vw
453 ww
419 ww

S vw

383 vw

625

ES(NDH) ?
BS(NDH) ?
&(C-H) in ethyl group
8(C-H) in ethyl group
v(C-C)
viC-N}, v (T-0-0)
as

&(C~H)
&8(C-H) in ethyl group
&{C-H)
BS(NDZ)
S(C-H)
8(C-H)
F(NH)

2
&(C-H)
v(C=C), &(C-C-C) ?
8(C-H) in ethyl group

8(C-H) ?

y(C-H} in CH3?

7(C-H) 17b

7(C-H), &(C00)

7(C-H) in amine 3™

y (CO0), s(C-C-C) 7?
8(C-H) in ethyl group
y(C-C-C) 4

3(C-C-C) 6b

8(C-N) in amine 3™, §(C00)
V(NHZ) wagging

7(NHD) wagging

5(C00), &(C-N) amine 3™
7(NHD) wagging
7(C-C-C) 16b

7(NH2) wagging

1(NDZ) wagging

3(C-N)

7(NDZ) wagging

1(NH2) torsion

7 (NDH) wagging

{continued)
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Table 1. Continued

- 367 w - 367.5 vw 7(NDZ) wagging
- - 338.5 vw 338.5 vw y(C-C-C), y(C-H)
- 340 vw - 328 vw T(NDH) torsion

- - 300.5 m 299.5 m 7(C=0), 7(C-C-C)
- - 273.5 vw 270.5 vw y(C=0), y(C-N) ?
- 280 w - 259 wvw I(NDZ) torsion
225 wvw  221.5 vw y(C-C-C)
182 w 182 wvw 7(NH2). 7{(C-H)
115 vw 115 vw  y(C-H), 7(C-N)

Abbreviations: vs, very strong; s, strong; m, medium; w, weak; vw, very weak;

sh, shoulder; inter, intermolecular; br, broad.

Table 2. Values of the experimental torsional frequencies (t), rotational
constants (BO). and rotation barriers (VZ) in cm™', of the NH2 group.
Frequencies (1)} v ot
2
p-amino group Exp. CNDO/2 AM1 Bo Harm. approx. Hamilt. calc
-NH 398 (IR) 3898 4124
2 ao1 (r) 243 32 0.2 3957 4185
-ND 280 (IR) 176 5.0 3936 4010
259 (R) 3368 3464

(IR] and (R}, values obtained by infrared and Raman spectroscopy, respectively

interpretated as scissoring mode Bs in the NH2 group. Their deuterated

analogues were tentatively assigned to the band at 1160 cm", With

deuteration, due to NHD groups, bands were detected at 1355 and 1345 en”?

corresponding to mode BS(NHDJ. The mode rocking I was identified only in IR

in the NH2 group at 1080 cm'.
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At 400 and 365 cm™ in the IR spectrum of the deuterated compound very
broad and weak bands appeared, having their correspondence in the
non-deuterated spectrum at 575 and 470 cm™'. Because of the form and the
frequency of the bands which appeared, they were assigned to the wagging mode

in the p-amino group. In the Raman spectrum they were identified in ND2 at

495.5 and 367.5, and in NH2 at 622 and 496.5 em™t. The relation in the

frequencies z(NHz)/vtNDz), ca. 1.36, was in accordance with the harmonic

approximation. For the NHD group, wagging bands were also registered in the IR

1

spectrum at 516 cm ' (weak shoulder), and at 380 cm '. In Raman they were

identified at 564.5 and 383 cm .

The band corresponding to the torsional mode T occured at 398 em™ in IR

1

with weak intensity and its deuterated analogue at 280 cm , 'r(NDz). The

value of the NHz/an ratio agrees with that reported in other local
anestheticss. The torsion vibration in NHD groups (Fig. 7) was identified in
Raman at 328 cm .

These assignments were within the frequency range given by Varsanyi“'w

and are verified in other lnvestigationsm'z‘.

C-N and COO vibrations: The C-N stretching vibration can be seen in

+20

various cou\poundsﬂ9 overlapped by other modes; thus the »(C-N) in p-amino

group and the v“(C-O-C) were observed in IR at 1275 cm . The frequency of
the carbonyl group v(C=0) was registered in IR at 1665 ent. In general,

these bands were detected with very strong intensity in p-substituted benzoic

acid derivativesz“ 25.

1

The band at 418 cm in IR was designated as &(C-N), in the same way as

the strong absorption at 620 cm‘l, to which a slight contribution of &(COO)
mode was also assigned.

C-H vibrations in saturated chain: The v(C-H) stretching frequencies

were observed in the 2800-3000 cm’1 range. In the Raman spectrum, the weak
band at 2989.5 cm’ corresponded to the antisymmetric mode in -CH3, while

those detected as strong and very strong intense bands at 2929 and 2950.5
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en”? were ascribed to the -CHZ— group. These bands appeared with higher

intensity than IR. The vibrations at 2871.5 and 2828 em™' in the Raman
spectrum were assigned to the symmetric mode in -CHZ- groups

Regarding the C-H in-plane bending vibrations, the IR absorptions at
1380. 1368, 1335, 1205 and 1050 em™! were not observed in the Raman spectra;
while those at 1455.5, 1444, 1323.5. 1131, 987.5, 927.5 and 730 e’

decreased, appearing with weak or very weak intensity

Overtones and combinations bands: In IR, the very weak bands which

appeared at frequencies 1700-2700 crn", that could not reasonably be assigned

to fundamentals, may be combinations and overtones of normal modes, the
assignments of which appear in Table 1. In the Raman spectra, as in the other

local anesthetics studieds. overtones and combination bands were not observed.

Normal vibrations of the ring:

A tentative assignment of the ring normal modes is shown in Table 1,
according to Wilson's notation® . Vibrational analysis of benzoic acid
derivatives have demonstrated the slight influence of the different
substituents on the frequency of the ring normal vibrations. This fact allows
the study of ring vibrations independently of the substituent internal modes.

In the tangential vibrations, the 8b and 19b carbon-carben stretching
modes appeared at higher frequencies and lower intensities than those which
corresponded to 8a and 19a vibrations. Thus these last frequencies were
identified as very intense IR absorptions at 1600 and 1518 em™ respectively
(1592.5 and 1521.5 cm™' in Raman), while Bb and 19b were assigned at 1570 cn”
(1569.5 c:rn'1 in Raman) and 1470 cm-l. These assignments were in the frequency

19,20

intervals established elsewhere Other bands corresponding to 8(C-H)

aromatic, within the frequency range  1250-1025 cm™' were observed in the
spectra.

The C-H stretching vibrations, corresponding to normal modes 20a, 20b and

7b, were in the 3000-3100 em” range of the radial vibrationslg; and to 20a
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1 b)

was assigned the very weak IR band at 3060 cm = (3068 and 3054.5 cm ° in

! (3025.5 cn”' in Raman) was

Ramar,}), while the weak IR absorption at 3034 cm
tentatively designated at 20b or 7b modes. These assignments find support in
those reported on related molecules. Thus in methyl p—hydroxybenzoatezo, 7t
and 20a were not identified due to their very weak intensity while 20t was
observed at 3035 cm' as a weak absorption None of these modes was
distinguished in p-aminobenzoic acid®. The skeletal vibration &(C-C-C) mode
6b was identified in IR at 640 cm’' (639.5 cm’’ in Raman) while 6a was not
detected in the spectra.

To the out-of-plane vibrations belong the skeletal vibrations 4, 16a and
16b of benzene. The frequency of the normal mode 4 is remarkably insensjitive
to substitution and appears very close to that of benzene, around 700 cm'{
The strong intense band at 703 em™' was assigned to this mode. Vibrations
16a, 16b were within the 395-420 cm' and 455-570 cm’' intervals

' (519 cem”’' in Raman) was

respectively. The strong IR absorption at 508 cm~
ascribed to the latter while the former was not observed in accordance with
that described in related derivatives of benzene™

Among C-H out-of-plane vibrations, only normal mode 17b was able to be
assigned in IR at 870 cm-’. because the other vibrations have frequencies too
low or intensities too weak to be observed clearly. In the Raman spectra mode

17b appeared with very strong intensity at 867 em .

LIQUID STATE
A study with the temperature between 25 and 175°C  was carried out
Infrared spectra were recorded from 3500 to 400 em™'. Since the melting point
of PRC is around 61°C, the spectrum recorded at 75°C (Fig. 3c) must
correspond to the substance in the liquid phase which becomes embedded in the
KBr matrix. Table 1 summarizes the results obtained in the solid phase at
room temperature, and in the liquid phase in the proximity of the melting

point, as well as at 175°C.
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The main characteristics observed with the increment of the temperature
in the vibrational pattern were the extension and the decrease of resoclution
in the bands due to thermal vibrations induced by heating. This fact makes
difficult the detection of weak and very weak intensity bands and, they are
therefore not included in the third and fourth columns of Table 1. The
intermolecular interactions were clearly disminished when the temperature
increased. Also noted was a weak displacement toward the low-frequency zone of
all the bands, recovering a slight displacement in several when the sample
crossed the melting point and with the increment of the temperature in this
phase

The following features were also distinguished between the IR spectra of
the liquid and solid states:

A short displacement was observed in the frequencies of the stretching
bands N-H, antisymmetric and symmetric, which appeared in liquid phase at 3450
and 3352 em”! respectively. When the sample passed to liquid state, the
crystalline net was broken. However, the values of Kung 6. 46 105 dyn cm-1 and
H;H = 116.1°, obtained using the Linnett equations”. close to solid state
values, indicated the slight influence of the crystalline net, and the
considerable stability of the geometric parameters in the N}'l2 group.

The intensity ratio between v(N-H) bands was [ /1 =1 in

symm. nnt\symm.-

the solid state in contrast to I‘ymm_/I.m“ymmz 1.3 in the liquid state at
175°C, due to a decrease in the intensity of the antisymmetric higher than
the symmetric vibration when the temperature increased. This fact was also
noted in other local anesthetics’.

A high decrease in the intensity of the torsional T(NHZ) and wagging
7(NH2) modes was produced when the temperature increased; and they were
extinguished when the sample was in the liquid phase, 75°C. Similar behavier
was observed in the rocking mode I‘(NHZ) at 1080 cm-l, which disappeared with
a slight increment of the temperature in the liquid state. These features were

confirmed in other local anestheticss.
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When the sample crossed the melting point, an increment ca. 28 em™ in

the frequency of the band corresponding to the v(C=0} mode and a decrease

! in the frequency of the band at 3240 cm”' were observed. This

ca. S0 cm
band at 3240 cm’' also showed a continuing increase of the width and a
remarkable loss of intensity in the liquid phase as the temperature increased.

Other bands also showed a remarkable sensitivity to the temperature, such

' and in CH,

as the vibrations in CHz groups at 2862, 1453 and 1380 cm’
and ethyl groups at 1368 and 1335, 1320, 928 em?! respectively. These bands
decreased in intensity as the temperature rose, disappearing in several cases
in the liquid phase. The ring stretching vibrations v(C=C) at 1570 and 1018

em™! behaved similarly.

HINDERED ROTATION OF THE “Hz GROUP

The rotational barrier V2 corresponding to the torsional modes t(NHz)
in the p-aminoc group was calculated for a hindered rotation potential
f\.m::tion25

V(a)=V2/2(1-c052a)
where a is the rotation angle. Thus, the hindered rotation Hamiltonian is

solved by using the optimization procedure described elsewhere?™?’

and by
computing the values of the rotation barrier, Vz (seventh column in Table 2).
This same procedure was also used employing a harmonic approximation (HA),
sixth column. An increase in the values of V2 was calculated with a
Hamiltonian. The difference was increased with higher experimental torsional
frequencies. Nevertheless, the differences with the HA were slight; therefore
the HA can be considered acceptable for estimating V2 because of its greater
simplicity.

The torsional frequencies in the NHZ group, calculated with the CNDO/2

and AM1 methods, are shown in the third and fourth columns of Table 2. In the

case of CNDO/2, they were obtained by the potential function, solving the
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torsional Schroédinger equationzs, These frequencies, which are valid for the

gas phase, can therefore be used as a test for experimental assignments.
Although smaller, the CNDO/2 torsional frequencies followed the same

trend as did the frequencies obtained experimentally for amino groups. The

exp

. CNDO/2
differences between T and 1

can be attributed to several causes

such as the unavoidable redshift implied by the transition from solid to gas,
the inaccuracy of the CNDO/2 method itself, the electronic nature of the
rotational barrier and, finally, the contributions of some interactlions of the

molecules within the crystalline net of the compound.
INVERSION BARRIER IN THE P-AMINO GROUP

The wagging bands observed in the spectra are combinations between
torsion and wagging vlbrations28 which are active in IR. Since there is no
selection rule for the transitions, all are possible. Thus a scheme with six
of these models of the inversion transitions for the first four energy levels
was established®®. The selection of the most suitable model to the
experimental data, inversion barrier and inversion angle, reveals the scheme

of the inversion transitions and the IR and Raman frequencies in the low

frequency region, < 200 cm .

To obtain the inversion barrier and the inversion angle three methods
were used:

(1} Using an Harmonic approximation (HA) with the experimental average
A
frequency of wagging (v‘), the barrier heights (V‘) were calculated, Table 3.

The equations usedz&zg, calculate the values of the coefficients VIi and

sz The inversion constant B. was obtained through the crystallographic
1

data and the value of the inversion angle w experimentally reported30 in
o
aniline, 37.5°
A
(2) With a torsional Hamiltonian (T.K.). V and w were calculated
13 o

together. The procedure29 was as follows: The set of values cof inversion
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angles (between 10° and 40°) and Vll {(between 60000 and 100000 cm™') obtained

i ]

VZ' values. Introducing this set of V: and V2 values in a torsional

Hamiltonianzs, the energy levels and wavefunctions were computed in each case.
With these energy levels the different inversion transitions were determined.
Curves were plo?.tedSb for each transition and on these curves the two

experimental vibrations of wagging were traced. These frequencies coincide at

only one point, from which the optimum values of W, VIx and Vzi that
o

appear in the third to fifth columns respectively of Table 4 were obtained,
as well as other inversion transitions, columns six to nine. These values are

listed in the first row and are assoclated with the follows scheme of

transitions”'

v5h e™ v oy

° ° o 1

s. “‘“""“ and '/"')\““~
° 1 1 1

In the second row are shown the respective values corresponding to
deuterated p-amino group. With the isotopic exchange a decrease, low in w
and even lower in the barrier height was noted. These values were also
different from those computed by AM1 (34.17°, 1463 cm") and CNDO/2 (51.8°,

3051 cm') methods and agree with those reported in aniline®®3!

The
inversion potential function energy levels and optimum transitions established
with the IR data are shown in Fig. 8a, while the wavefunctions for the first
four energy levels are plotted in Fig. 8b.

(3) The third method employed was an Harmonic approximation of vibration
(H.A.V.) which also calculated together cl and ©. This procedure employed an
approximation of a double symmetric hole which considers the inversion as a
vibration movement of harmonic character of the nitrogen atom through the
plane defined by the two hydrogens of p-amino group and masses centrum of the
molecule excluding this group”. The final results are shown in Table 4, which
correspond to the same scheme of transitions described in the torsional
Hamiltonian.

In Table 4 the H.A.V. procedure shows an excessively low value for ©

A
and high for Vi. related to the amino group in aniline™. However, a better
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Table 3. With an Harmonic Approximation (HA) in em”?
. - s : =
p-amino group v, B‘ V1 V2 V‘
509 (IR) 33924 -10690 456
N 559 (R) 29.32 40916 -12893 550
383.5 (IR) 34984 -11024 471
-ND a0 (r) 1614 39985 -12600 538

IR and R, values obtained by infrared and Raman spectroscopy, respectively.

Table 4. Parameters found, in cm-i. for the first four energy levels using a

Torsional Hamiltonian (T.H.) and an Harmonic Approximation of vibration H.A.V.

Method used w (%) v v! \'% v v v v
° 1 2 i 1 2 4 6
j IR 32.3 73189 -21611 508 105 575 470 445
-NH
2[ R 30.4 88000 -25507 482 125.5 622 496.5 493
T.H.
‘ IR 30.2 70350 -20360 377 33 400 367 298
~-ND
2} R 27.2 99000 -27840 343 85.5 453 367.5 354
[ IR 20.4 - - 779 105 575 470 277
~NH
2 t R 18.8 - - 870 125.5 622 4%96.5 320
H. AV )
IR 24.0 - - 777 33 400 367 155
-ND
z [ R 16.5 - - 600 85.5 453 367.5 214

IR, infrared absorption. R, lLaser-Raman spectroscopy.
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(a) (b)

Vi(‘“") COSINE SINE

0
470 o
575
508 4-- P
105
° —_— 77— v - v
20 [ 20 L0 30 ] =30 30 0 -390
w(*)
w(°)
Fig. 8. a) Inversion potential function, energy levels and optimum

transitions with a torsional Hamiltonian. b) Wavefunctions for the first four

energy levels.

agreement was obtained with the H.T. method. This result was a consequence of
the slight difference of energy that H.A.V established between the levels

5 as ] as
wo > wo and q{:1 > w: .
SUMMARY AND CONCLUSIONS

The bands of the IR and Raman spectra of PRC were assigned. Special

attention was centered on the p-amino vibrations. Thus, with relations
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V(NE)/v(ND) previously reported in related molecules, the bands corresponding
to this group were identified and assigned. The frequencies of the vibration
bands due to the two conformations of NHD group were also determined and that
they obeyed the isotopic change rules was verified. The identification of
partially deuterated NHD groups was in accordance with that observed in
aniline derivatives

The NH2 and ND2 torsional modes, 1inactive in IR according to the
conventional selection rules, but observed in the spectra, were interpreted as
symmetric and antisymmetric combination bands of the pure torsional mode with
the {irst inversion transition. The inversion transitions between the first
four energy levels, and the wagging bands in the far IR were determined.

In the study concerning the temperature of the IR spectrum, when the
sample reached the melting point, a sudden change in the intensity of the
bands was noted, especially in the NH stretching modes.

Several procedures were used to obtain the barrier height and the
inversion angle. These results complete the theoretical study and are in good

accordance with those published earlier.
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