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An FT-IR spectrum of trimethylphenyl ammonium chloride (TMPAC) has been recorded in the re-
gion 4000 —400 cm™~!. The optimized geometry and vibrational spectrum TMPAC in the ground state
have been calculated by using ab initio Hartree-Fock (HF) calculations and the density functional
method B3LYP with the 6-31G (d) basis set. The obtained vibrational frequencies and optimized
geometric parameters (bond lengths and bond angles) were in very good agreement with the exper-
imental data. The comparison of the observed and calculated results for the vibrational frequencies
of TMPAC exhibited that the scaled B3LYP method is superior compared to the scaled HF method.
Furthermore the calculated infrared and Raman intensities are also reported.
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1. Introduction

Trimethylphenyl ammonium chloride [(CH3)3
(CeH5)N]Cl (TMPAC) has been widely used as
methylating agent for morphine in the alkaloid indus-
try for many years [1]. It is also used in agricultural
industry [2]. Furthermore, TMPAC in the form of
ionic liquids has attracted considerable interest for
use as electrolyte in electrochemical cells [3]. Very
recently, Stevens and Anderson used the TMPAC as
an aromatic compound adsorbed on montmorillonite
in an infrared dichroism experiment [4].

In spite of its importance mentioned above, the vi-
brational assignments of TMPAC are not definitely
settled by using ab initio Hartree-Fock (HF) calcula-
tion and the density functional theory (DFT/B3LYP)
method. It has to be noted that IR and Raman data on
TMPAC are not plentiful in literature.

For these reasons the aim of the present study is to
determine the vibrational modes and wave numbers of
TMPAC in the framework of the DFT/B3LYP and HF
methods and to offer the optimized molecular geome-

try.
2. Experimental and Computational Details

The IR spectrum of TMPAC has been recorded on
a Perkin Elmer Spectrum One FT-IR spectrometer at a
resolution of 4 cm™! in the transmission mode at room

temperature in the region 400—-4000 cm™!. The com-
putations were performed by using the Gauss-View
molecular visualization program and the Gaussian 03
program package on a personal computer [5]. The op-
timization of the molecular structure of TMPAC in the
ground state was verified by the HF and B3LYP cal-
culations with the 6-31G (d) basis set. The sets for HF
and B3LYP calculations were scaled with the scaling
factors 0.8929 and 0.963, respectively [6].

3. Results and Discussion

The chemical structure and numbering of the atoms
of TMPAC are given in Figure 1. Since the chlorine
atom of this compound is in an ionized state, it has no
influence on both the vibrational and Raman spectra of
TMPAC.

The bond lengths and angles of TMPAC optimized
by ab initio HF calculations and the DTF/B3LYP
method with the 6-31G (d) basis set are listed in Ta-
bles 1 and 2, respectively, which also contain experi-
mental results for comparison [7].

The correlation graphics between the calculated and
experimental bond lengths and angles of TMPAC are
shown in Figs. 2 and 3, respectively. Owing to our cal-
culations the largest difference between the calculated
HF bond lengths and experimental values given in Ta-
ble 1 is about 0.055 A (Fig. 2). Likewise the biggest
difference between the calculated bond angles and ex-
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Table 1. Optimized and experimental bond lenghts of
TMPAC in the ground state (in A).

Bond X-ray [7] HF B3LYP
[-3mm] C1-C2 1.41(2) 1.3868 1.3973
C1-Cé6 1.34(2) 1.3822 1.3925
C1-H7 1.0746 1.0861
C2-C3 1.379(13) 1.3857 1.3962
C2-H8 1.0706 1.0826
C3-C4 1.385(14) 1.3875 1.3959
C3-N12 1.466(14) 1.4949 1.5126
C4-C5 1.37(2) 1.3841 1.3951
C4-H9 1.0776 1.0976
C5-Co6 1.33(2) 1.3851 1.3953
C5-H10 1.074 1.0859
C6-H11 1.0747 1.0863
N12-C13 1.508(9) 1.5105 1.5231
N12-C14 1.508(9) 1.5105 1.5231
N12-C15 1.510(13) 1.4871 1.4991
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Fig. 1. Chemical structure of TMPAC and numbering of the
atoms.

perimental values given in Table 2 is about 1.465°
(Fig. 3). In summary the optimized bond lengths and
bond angles obtained by HF calculations agree very
well with the experimental values.

For the assignment of fundamentals of TMPAC its
IR spectrum has been recorded (Fig. 4). TMPAC has
the symmetry C and contains 25 atoms in the asymmet-
ric unit. The Cartesian displacements of the 25 atoms
result in 75 internal modes, i. €. Ipwer. = 45A" +30A",
and considering the character table for the C; point
group Iians. = 2A’ + A” and I, = A’ +2A"” we find

Ly, = I75 — Lirans. = 42A' + 27A"

Table 2. Optimized and experimental bond angles of TMPAC
in the ground state (in °).

Bond X-ray [7] HF B3LYP
C2-C1-C6 120.9(13) 120.416 120.434
C2-C1-H7 119.132 119.076
C6-C1-H7 120.452 120.491
C1-C2-C3 118.6(14) 119.376 119.065
C1-C2-H8 118.174 118.422
C3-C2-H8 122.450 122.513
C2-C3-C4 119.1(11) 120.820 121.35
C2-C3-N12 121.7(9) 121.389 121.091
C4-C3-N12 119.2(10) 117.791 117.559
C3-C4-C5 119.4(12) 118.974 118.592
C3-C4-H9 121.636 121.440
C5-C4-H9 119.389 119.968
C4-C5-Co6 122.3(15) 120.835 120.977
C4-C5-H10 118.651 118.523
C6-C5-H10 120.514 120.5
C1-C6-C5 119.7(14) 119.578 119.582
C1-C6-H11 120.143 120.068
C5-C6-Hl11 120.279 120.35
C3-N12-C13 110.2(5) 109.748 109.513
C3-N12-C14 110.2(5) 109.746 109.513
C3-N12-C15 112.8(9) 112.758 112.470
C13-N12-C14 107.8(7) 109.066 108.872
CI13-N12-Cl15 107.9(6) 107.715 108.2
C14-N12-C15 107.9(6) 107.715 108.2
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Fig. 2. Correlations between calculated and experimental
bond lengths of TMPAC.

vibration modes; here the symmetry A’ denotes the vi-
bration in-plane and the symmetry A” shows the vi-
bration out-of-plane [8]. All 69 vibrations are active in
both the infrared (IR) and Raman (R) spectrum.
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Fig. 3. Correlations between calculated and experimental bond angles of TMPAC.
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Fig. 4. The experimental IR spectrum of TMPAC.

The assignments of both experimental and calcu-
lated IR vibrational frequencies for TMPAC are given
in Table 3, where the vibrational frequency modes are
numbered from the smallest to the largest frequency
values. As seen in Table 3, the experimentally observed
peaks in the range 2920—3110 cm ™! can be assigned
to aromatic C-H stretching vibrations [9]. The frequen-
cies calculated by DFT/B3LYP theory using the 6-31G

(d) basis set for these vibrational modes exhibit a reli-
able correspondence in the same wavenumber region.
On the other hand, the calculated infrared intensities
are usually different when compared with the exper-
imental values for both high- and low-frequency re-
gions. This situation may be evaluated in the frame-
work of the assignment of fundamentals [10]. Due to
various reasons, for example, anharmonic effects, the
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Table 3. The observed and calculated IR frequencies (cm™ 1Yy of TMPAC.

HF* B3LYP®
Mode Freq. IRinten. Rainten. Freq. IR inten. Rainten. Exp.IR Exp. Assignment® Assignment?
Vi 55.15  3.2941 4.617 61.65  2.4366 4.3276 op. ring bend. + CHj torsion
%3 76.62 159311 0.5199 9245 149172 0.7118 ip. torsion
V3 115.18 7.5471 0.5129 123.19  5.1789 2.9338 CHj3 wag. + CH; rock. + ring wag.
Vi 136.41 0.0014 4.8263 141.44 1.837 2.8405 CHj; wag. + ring wag.
Vs 142.81 50.5861 0.1603  167.87 48.6064 0.9425 ip. torsion
Ve 241.84 0.3854 0.4826 246.52  0.9125 0.5153 CHj3 wag. + ring wag.
\% 245.09  0.0404 0.3648 258.04  0.4491 0.5268 CHj torsion
Vg 288.15 5.4845 1.78 297.57  2.193 2.2748 CHj3 torsion
Vo 331.82  8.3226 2.7461 332.34 1.8894 0.0182 CHj3 rock. + op. ring def.
Vio 333.20 1.6204 0.1107 34355  9.8239 2.5429 CHj torsion + ring torsion
Vi 367.00 4.2105 2.8737 356.74  0.1691 0.1613 CH3 torsion + op. ring (C-H) bend.
Via 367.38  0.2678 0.1331  370.16  7.035 3.0291 CHj3 wag. + ring (C-H) str.
Vi3 409.11 0.0214 0.3207 406.06 0 0.54 ring wag. + CH; rock. + CH, wag.
Vig 419.27  0.1501 0.1441 417.00  0.5367 0.1943 CHj3 rock. + op. ring def.
Vis 461.40 0.0466 1.3864 471.55  0.755 1.7634 (N-CH3) asym. bend. + ring torsion
Vis 545.85 0.8084 5.6842  541.94 12.39 0.7797 ring wag. + CH3 wag. + CH; rock.
Vi7 546.79 17.3942 0.4778 54893  0.5367 52053 554vs ar. C-Hstr. (N-C) str. + ring (C-H) str.
Vig 602.06 1.778 7.0849  605.71 2.8176 7.0913 613m ar. C-H str. ring (C-H) str.

Vig 687.62 12076 15.116  685.30 21.1457 2.1271 653s  op. C-C bend. op. ring def.
V2o 692.72 32.8607 1.3013  692.50  0.9526 13.363 695 vs op. C-H bend. (N-CH3) sym. str. + (N-C) str. + ring (C-H) str.

Vi 767.19 28.75 1.1345  747.72  22.1033 1.9311 777vs op. C-H bend. op. ring def.

Voo 823.07 37.5239 7.4462 811.74 23.8695 6.1972 (N-CH3) sym. str. + (N-C) str. + ring (C-H) str.
Va3 862.79 1.501 1.1442  834.67 1.3396 2.4901 847s  C-H rock. op. ring (C-H) bend.

Vg 909.31 36.2545 7.0912  890.61 14.1013 3.3494 (N-CH3) asym. str. + CH, twist. + op. ring (C-H) bend.
Vas 954.31 7.3785 0.8816 91245  6.7913 1.7715 op. ring (C-H) bend. + CH, twist.

Ve 963.81 29.7615 7.1825  960.58 21.6104 5.2044 950vs opar. C-Hbend. (N-CHj3) str. + CHj; rock.

Va7 973.81 2.892 23.3294  961.57  0.4127 0.1089 op. ring (C-H) bend.

Vag 1006.98  0.6524 0.1484 975.69  4.3838  20.2116 ring (CCC) sym. str.

Vag 1011.37 8.4425 19.3178 1021.87  8.3595  23.8249 ip. ring def.

V3o 1060.47  1.6557 2.2161 1035.19 1.2238 3.9566 1032m C-Nstr op. ring (C-H) bend.

Vi1 1065.11  0.2749 0.476 1057.33  0.0247 1.3866 CHj3 twist. + op. ring (C-H) bend.

V32 1077.41  0.3853 0.5809 1082.93 1.6793 0.3403 CHj rock. + ip. ring (C-H) bend.

Vi3 1082.25  6.567 0.7096 1091.18  6.0242 4.4563 ip. ring (C-H) bend. + (N-C) str. + CHj rock.
\2 1101.92 11.6463 4329 1117.18  0.0778 1.1067 CHj rock.

Vis 1126.67 1.3697 1.858 1117.70 1.4929 10.0074 1126 m  C-N str. CHj rock. + CH, twist. + ip. ring (C-H) bend.
Ve 1126.70  3.8906 6.5928 1158.36  0.1054 3.2858 ip. ring (C-H) bend.

V37 1191.08  0.904 2.4937 1198.96 1.8739 2.4005 ip. ring (C-H) bend.

Vig 1200.46  1.2639 0.343 122150  0.6161 0.7915 (N-CH3) asym. str.

V39 1242.53 13.3523 1.4514 122438  3.9175 0.4948 (N-CH3) asym. str.

Va0 1251.19 11.4685 1.4961 1262.83 1.0336 7.9824 1251 m C-Nstr. CHj rock. + (N-C) str.

\Z0 1287.14  6.4664 3.1695 131047  3.7063 0.081 130l m C-Nstr. ip. ring (CCC) asym. str. + CH, wag.

\ 723 1351.06  0.6307 2435 134434  0.1836 3.2395 1341bw C-N str. ip. ring (C-H) bend.

Vi3 1422.00 0.1351 5.9923 1408.41  0.1672 7.0287 CHj3 sym. bend.

Vag 1428.76  3.6317 4.9842 1416.73  11.0687 5.0927 1416 m CHj sym.bend.  CHj sym. bend.

Vis 1443.37  4.0067  18.3306 1434.61 3.7768 19.9568 CHj sciss.

Va6 1448.23 11.0807 2.9543 1444.06 10.247 2.3477 CH,; bend. + CHj sciss. + ip. ring (C-H) bend.
Va7 1462.78  1.0599 0.7668 1454.02  5.5316 4.4028 CHj3 sym. bend. + ip. ring (C-H) bend.

Vag 1463.15 0.3008 13.326 1464.93  0.4506  18.0087 1461s  CHjzasym.bend. CHj twist.

Vig 147170 33.7506  18.9726 1468.90 24.3854 11.4138 CHj asym. bend. + ip. ring (C-H) bend.

Vso 1483.61 4.1176 9.6284 1481.95 3.1934 12.6248 1477s  CHj; asym. bend. CHj sciss. + ip. ring (C-H)

Vs 1486.87 23.2645 7.1463 1488.60 18.9437 3.5726 CHj twist. + CH3 asym. bend.

Vso 1498.32 77.8298 3.677 1493.67 65.1876 3.2854 ip. ring (C-H) + CH3 asym. bend.

Vs3 1502.58 23.9695 2.0456 1502.19 16.0171 2.7559 1501 vs CHj asym. bend. CHj sciss. + ip. ring (C-H) bend.

Vs4 1602.09 2.3425 13934 1591.33  0.6836  14.6472 ring (CCC) asym. str.

Vss 1610.06 6.9745 11.5802 159248  5.7457 10.8944 1593 m ar. C-Cstr. ring (CCC) asym. str.

Vs 2892.62 327353 149885 2864.20 63.0897  48.5548 CHj3 sym. str.

Vs7 2897.34 58.7284 154.158 2873.70 151.106  154.57 CHj3 sym. str. + ring (C-H) str.

Vsg 2920.21 22.2702 125.152  2919.77 621.18 473.306 2920 w CHj3 sym. str. + ring (C-H) str.

Vsg  2970.70 99.7891 191.45  2985.15 15.2231 88.7373 2963w  CH asym. str. CHj sym. str.

Veo  2987.16 3.3564  16.8048 3014.54  0.3067 1.8039 3007s  CH asym. str. CH; asym. str.

Vo1 2991.02 52.547 45.5538 3021.84 88.4597 146.567 3029w ar. CH str. CHj3 asym. str.

Ve  2998.18  0.8265 5.562 3065.13  3.0689  24.2407 3048 w ar. CHstr. CH; asym. str.

Vo3 3004.62 92.0422 132.944 3065.83  7.1408  32.9198 CHj3 asym. str. + CH, asym. str.

Vea 3006.66 88.1443  98.4936 3076.10 15.6854 130.48 CHj3 asym. str. + CH; asym. str. + ring (C-H) asym. str.
Ves 3007.56  8.4892  40.2393 3077.26  5.3506  40.6295 CH, asym. str.

Vee  3011.25 8.0881  71.5544 3077.58  2.9977  36.1892 ring (C-H) asym. str. + CHz asym. str.

Vo7 3025.02 8.2591  94.2001 3089.70  7.483 94.2116 ring (C-H) asym. str.

Ves 3036.93 16.4175 172.461 3099.79 16.3883 19724 3104w ar. CHstr. ring (C-H) asym. str.

Voo 3060.41 6.5149 88.196 312045  6.6886 113.43 ring (C-H) sym. str.

2 Scaling factor = 0.8929. ® Scaling factor = 0.963. ¢ Taken from [9]. ¢ On the basis of DFT calculation: ip., in-plane; op., out-of-plane; bend., bending;
rock., rocking; sciss., scissoring; str., stretching; wag., wagging; sym., symmetric; def., deformation; asym., asymmetric; twist., twisting.



H. Gokee and S. Bahgeli - Vibrational Analysis of Trimethylphenyl Ammonium Chloride 131

Frequencies
8 3000 R? = 0.9994
3 2000
o
S 1000

0 - :
0 2000 4000
Experimental

Frequencies
4000 (B3LYP)
B 3000 R = 0.9998
3 2000
o
S 1000
0 ‘
0 2000 4000
Experimental

Fig. 5. Correlations between calculated and experimental molecular vibrational frequencies of TMPAC.

vibrational intensities could not be considerably iden-
tified by infrared and Raman spectroscopy. Therefore,
we payed attention to the frequency only.

Considering Table 3, it can be easily stated that the
experimental and theoretical vibration values are in a
good agreement with each other. The correlations be-
tween them are shown in Figure 5. The correlation val-
ues for HF and B3LYP are 0.8929 and 0.963, respec-
tively. The correlation values in Fig. 5 show that the re-
sults of DFT/B3LYP calculations are more likely than
ab initio HF calculation for vibrations.

4. Conclusion

As a conclusion, the results calculated by the
DFT/B3LYP method give better fits to experimental
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