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Mean dipole moment derivatives determined from gas-phase infrared fundamental intensity data for 30
molecules are compared with Generalized Atomic Polar Tensor (GAPT) charges calculated from wave functions
obtained with 6-31G(d,p) and 6-31t#G(3d,3p) basis sets at the Hartrdeock, B3LYP density functional,

and MP2 electron correlation levels. With very few exceptions, the MP2 results are in better agreement with
the experimental values than are the B3LYP results calculated with the same basis set, although the differences
between these calculated results are often small. The Hafimek results deviate most from the experimental
values. For all atoms studied here, C, H, F, CI, N, O, and S, the MP2/6-8G(3d,3p) results agree most
closely with the experimental values with rms errors of 0.059, 0.013, 0.044, 0.045, 0.030, 0.041, ard 0.014
respectively. Although the calculated results for charges betw®eh and+0.5 seem to deviate randomly

from the experimental results, calculated charges ranging #r0rb to+2.0e tend to be slightly larger than

the experimental values. This is a consequence of the fact that the MP2/6+&i(Bd,3p) calculations tend

to overestimate infrared intensity sums for molecules with more polar bonds and intensity sums above 500
km mol™. The results reported here show that the calculated charge values seem to be converging to the
experimental values as the basis set becomes more extensive, 6-31G(d,p) to-6&48d,3p), and as the
electron correlation level becomes more complex, Hartfemck to B3LYP density functional to MP2.
Experimental mean dipole moment derivative values are shown to be consistent with trends in atomic charge
values expected from chemical arguments for the halomethanes, hydrocarbons and Group IV hydrides.

1. Introduction attempts at describing molecular electronic density distributions,
have been evaluating atomic polar tensors for some 4fme,
providing a database that can be used for comparison with results
obtained from quantum chemical calculations.

On the other hand, GAPT charges have been reported to be
sensitive to the level of electron correlation treatrieaspe-
cially for molecules with multiple bond®. Density functional

It has long been a goal among chemists to reduce the
information in the electronic densities of molecules to conceptu-
ally simple parameters allowing modeling applications to predict
chemical reactivities. As a result, a large number of methdéls
have been proposed for calculating atomic charges from

molecular wave functions. Many of these methods have been . ) -
tested using a variety of basis sets at different levels of electrontheory methods employing hybrid func_t|onals, such as B3LYP,
as well as Mder—Plesset 2 perturbation methods have been

correlation treatment, and recently, density functional approaches

have also been emphasized. However, conclusions about theoown tlo reproduce electron correlation effects on atomic
reliability of specific calculational levels in assigning adequate charges' Furthermore, B3LYP/6-31#+G(3df,3pd) and MP2/

charge values for atoms is difficult since no direct comparison 6-311H+G(3df,3pd) intensity results have been shown to be

h icall lcul . I in excellent agreement with those calculated using QCISD/6-
gﬁg’ﬁ;‘;g; hzosritgg . ated and experimentally measured, v 4 4t 304y These QCISD/6-314G(3df,3pd) results are

Recent theoretical investigaticis*? have focused on obtain- also in excellent agreement with CCSD(T)/TZ(2df,2pd) calcu-

ing atomic charges, called Generalized Atomic Polar Tensor E;i?em;?\zatslef?o?:tiglrfharti):ct): ;?ttﬁ eO; :aerfrlrjlg?lt;r?nvtverl]asriggs
(GAPT) charges, from mean dipole moment derivatives calcu- This ig a causg of conpcern for sever%l reasons Intensit.
lated from molecular wave functions. These quantities have been S 1ty
shown to satisfy the necessary fundamental conditions requiredm_easureme_nt errors can be large and thus prejudice comparison
of atomic charges, invariance with respect to molecular transla- with theoretu_:al vaI_u_es. Furthermore, accurate separation of the
tions and rotations and summation to provide the net total Chargecompon_ent Intensities Of. overlapped bands is dn‘hcult_ and
of the molecule. Contrary to Mulliken-type charges, the GAPT usually involves assumptions about band symmetry. Finally,

charges are not directly related to the basis set chosen for theq_uant_um chemigal intensities are c_alculated assuming harmonic
wave function calculation involved in their determinations. As v_|brat|ons and linear changes in c_ilpole moments during vibra-
a result, calculated GAPT charges are much less sensitive tollons, vyhereas the gxpenmental Intensities can be affected by
basis set variations than are Mulliken chargfe$? Another dr?_r;:atlc .anharlmobr.uc gffect;s T:.JCh askF.erm| resonance. |
advantage of this charge relative to others proposed until nowf € principa OI Jective of this wor |slltodcomparedresu ts
is that it can be determined experimentally by measuring infrared J_Oml experlmentg mea_surer_nent':s, Ir_10rma y es_lgnar\]te_ as mean
fundamental intensities. In fact, infrared spectroscopists, in their Ipole moment derivatives In the fiterature, with their corre-
sponding quantities obtained from gquantum chemical calcula-

* To whom correspondence should be addressed. Fax: 55-19-788-3023 10N, the GAPT %l)ggges. Conyergence proper_tles of the
E-mail: bruns@igm.unicamp.br. calculated chargesy,” ', to experimentally determined val-
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ues,pq, Will be investigated not only with respect to basis set The mean dipole moment derivative of at@mp,, is simply
changes but also to the electron correlation treatment level usedone-third the trace of this matrbg:
in their determinations.

This study involves 30 molecules for which complete infrared P, = 1/13(@p/ox, + 3p5/aya + 9p/az,) (5)
fundamental intensity data are available in the gas phase. The

atomic polar tensors (APT.) of these_molecgles result in 34 The mean dipole moment derivatives studied in this work have
carbon, 19 hydrogen, 9 fluorine, 9 chiorine, 3 nitrogen, 7 0Xygen paop renorted previously in the literatéfes® and were calcu-

and 2 sulfur charges. The data set is more extensive than thos?ated using the above equations. The GAPT chafgee also
ﬁf éefs 4%' 44,hand 4|5.hS|omeI of ;hedmoler(l:ules, Suﬁh as th.ecalculated using eq 5, where diagonal polar tensor elements from

ydrocarbons, have slightly polar bonds, whereas others, as Inquantum chemical calculations are used instead of those derived
the fluorochloromethanes, have very polar bonds. Molecules from experimental intensities

ha\?ng Ismgle_, tdo_uble, antd dtrtlple boI{u_js are ('jr.]f?IUde?' This Two other APT invariants are frequently investigated in
molecular variely IS expected to result in very different mean g.q. o intensity studies. The square of the atomic effective

dlpple moment de_rlvatlve values. As such, the variance in the charge .2, is 1/3 the trace of the matrix product of the APT
derivative values is expected to be much larger than the oneby its transpose

due to experimental errors in the intensities, hopefully permitting
an examination of their values for their consistency with ) o
established concepts usually correlated with atomic charges, such Yo =1/ 3Tr(F§( Pi ) (6)

as electronegativity, hybridization, and polarization effects. It

should be remembered that a majority of the mean dipole This is simply equal to 1/3 the sum of squares of the APT
moment derivatives studied here are averages of derivativeselements. This invariant can be directly related to the funda-
calculated from intensity values of isotopomers and are expectedmental intensity sum of a molecule. The atomic anisotropy

to be more precise than values obtained from the intensities of

a single molecule. For this reason, comparison of experimental 52 _ A2 h )2 2

and theoretical mean derivatives can be more informative thanﬂ o= V2[Poc= Py By~ P2d” + (P~ Pod™ +

comparison of individual infrared intensities. 3(p)2<y+ p)2/z+ e+ P5 p§x+ pgy)] (7)
2. Calculations has values that reflect molecular symmetry and can be related
Within the harmonic oscillatorlinear dipole moment ap- 0 Pu @andya.
proximations, the measured fundamental infrared intenaity, Theoretical calculations for the GAPT charges were per-
is proportional to the square of the dipole moment derivative formed using the Gaussian®4nd GAMESS-US®’ programs
with respect to its associated normal CoordinQE, on IBM RISC 6000 and DEC ALPHA workstations. Theoretical
equilibrium geometries were used to calculate all GAPT charges.
N ap\2 Calculations were carried out at the HF/6433&(d,p), B3LYP/
vy (8_Q.) 1) 6-314+G(d,p), MP2/6-3%G(d,p), HF/6-31%+G(3d,3p), B3LYP/

6-311++G(3d,3p), and MP2/6-31+G(3d,3p) levels.

Na andc being Avogadro’s number and the velocity of light,
respectively’s The dipole moment derivatives can be trans- 3- Results

formed to atomic Cartesian coordinates using the expreSsfon  Taple 1 contains the results of GAPT charge calculations,
. qo*"T, using 6-31G(d,p) and 6-31%+G(3d,3p) basis sets at
Py=Pol "UB+ P ) the Hartree-Fock and Mder—Plesset 2 and B3LYP density

) ) . functional levels for molecules containing carbon, hydrogen,
wherePq is a 3 x (3N — 6) matrix of the dipole moment  forine, chlorine, nitrogen, oxygen, and sulfur atoms. Included
derivatives obtained from the measured infrared intensities andj, this table are values of mean dipole moment derivatives
L™, U, andB are well-known transformation matrixes COm-  getermined from infrared fundamental intensity measurements,
monly used in normal cooordinate analy$i.he P, product o6t mean-square (rms) errors for each combination of electron
provides the rotational contributions to the polar tensor elements. .o relation treatment. and basis set levels for each of the atoms
As such, the polar tensor elements containeliare obtained investigated.
using the molecular geometry (tBeandf matrixes), symmetry Independent of the level used to treat electron correlation,

(the U matrix), vibrational frequencies and atomic masses (the o 6-311+G(3d,3p) results have smaller rms errors than those
normal coordinaté. ~*matrix), and permanent dipole moment for the corresponding 6-31G(d,p) calculations for all atoms
\(alues, as well as the experimentally measured infrared intensi-except nitrogen, for which the B3LYP results are closer to the
ties. . ) . experimental values for the calculations with the smaller basis
The molecular polar tensoPy, is a juxtaposition of APTS: et |t should be noted, however, that only three nitrogen atoms
oM@ o have been included in our study. As expected for either basis
P ={PP .. P’} 3 set, the B3LYP and MP2 level calculations result in much more
] ) ) accurate estimates of the mean dipole moment derivatives than
with N being the number of atoms in the molecule. Each APT ¢4 those at the Hartred=ock level for all the atoms tested.
contains the derivatives of the molecular dipole moment with The MP2 results are found to be more accurate than those of

respect to the atomic Cartesian coordinates: the B3LYP calculations for all atoms when the 6-3HtG-
(3d,3p) basis is used, although for some atoms the difference
apJox, oy, opdoz, Poc Py P is not large. For example, the rms error for the B3LYP results

P, = |apJox, oy, IpJoz, |= Py Py Py| (4) of the fluorine atoms, 0.045 is just slightly larger than the
apJox, 0pJay, IpJoz, Pzx Pzy Pz one for the MP2 results with a 0.0d4rror. This ordering does
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TABLE 1: Comparation of Calculated and Experimental Mean Dipole Moment Derivatives €)2

Oliveira et al.

6-31+G(d,p) 6-31%#+G(3d,3p)
carbon HF B3LYP MP2 HF B3LYP MP2 exp refs

CH, 0.061 —0.024 —0.010 0.073 0.007 0.002 0.016 51
CHsF 0.709 0.592 0.598 0.554 0.554 0.550 0.541 50,52,53
CHyF, 1.301 1.167 1.172 1.219 1.090 1.089 1.014 54,55
CHFR; 1.807 1.666 1.675 1.719 1.580 1.584 1.523 54,56
Ck 2.247 2.120 2.122 2.170 2.039 2.040 2.049 57
CHsCl 0.421 0.317 0.315 0.381 0.285 0.278 0.277 54,58
CH,Cl, 0.757 0.695 0.652 0.685 0.618 0.585 0.527 54
CHCl; 1.051 1.074 0.980 0.964 0.966 0.898 0.827 54,59
CCly 1.301 1.435 1.294 1.206 1.301 1.194 1.043 60
CRCI 2.098 1.993 1.970 1.989 1.878 1.863 1.907 54,61
CECl, 1.893 1.837 1.781 1.771 1.705 1.668 1.636 54
CFCk 1.623 1.648 1.552 1.507 1511 1.445 1.367 54
CHsCH;s 0.141 0.095 0.087 0.136 0.092 0.079 0.063 54
C,H4O 0.373 0.311 0.286 0.354 0.293 0.265 0.277 54
CsHs 0.040 0.014 0.005 0.040 0.017 0.003 0.017 54
C*HsCN 0.190 0.094 0.126 0.178 0.093 0.108 0.110 62
C*HsCCH 0.215 0.125 0.146 0.201 0.120 0.125 0.104 54,63
CH>CH; —0.074 —0.070 —0.074 —0.070 —0.066 —0.069 —0.055 54
C*H.CFK, —0.394 —0.356 —0.340 —0.362 —0.335 -0.323 —0.274 54
CH,C*F, 1.358 1.214 1.181 1.295 1.167 1.143 0.977 54
COH, 0.796 0.689 0.606 0.768 0.675 0.596 0.593 54
COR, 1.917 1.683 1.656 1.846 1.632 1.606 1514 64
COChL 1.615 1.486 1.426 1.532 1.404 1.363 1.243 64
cis-GH.Cl, 0.219 0.194 0.176 0.210 0.181 0.169 0.182 54
CO 0.384 0.257 0.144 0.355 0.238 0.136 0.228 54
CO, 1.572 1.168 1.069 1.538 1.175 1.075 1.073 54
CS 1.289 0.769 0.647 1.260 0.763 0.668 0.688 54
OCSs 1.396 0.985 0.882 1.338 0.964 0.873 0.849 54
HCN —0.022 —0.084 —0.130 0.014 —0.053 —0.097 —0.041 54
HCCH —0.242 —0.226 —0.223 —0.226 —0.214 —0.209 —0.201 54,63,65
NCCN 0.225 0.175 0.095 0.182 0.182 0.109 0.122 54
CHsC*N 0.117 0.101 —0.010 0.155 0.122 0.025 0.066 62
CHs;C*CH —0.045 0.010 —0.050 —0.038 0.005 —0.043 —0.074 54,63
CHs;CC*H —0.402 —0.390 —0.339 -0.373 —0.358 —0.313 -0.317 54,63
rms errof 0.2477 0.1373 0.1013 0.2031 0.0878 0.0593

hydrogen HF B3LYP MP2 HF B3LYP MP2 exp refs
CH, —0.015 0.006 0.002 —0.018 —0.002 0.000 —0.004 51
CHsF —0.053 —0.023 —0.024 -0.017 —0.017 —0.016 —0.017 50,52,53
CH,F, —0.046 —0.036 —0.038 —0.033 —0.023 —0.023 —0.018 54,55
CHF; —0.032 —0.025 —0.028 —0.020 —0.012 —0.013 0.004 54,56
CHsCl —0.017 —0.006 —0.012 —0.010 0.000 —0.001 —0.002 54,58
CH,Cl, —0.028 —0.019 —0.027 —0.014 —0.006 —0.008 —0.015 54
CHCl; —0.045 —0.038 —0.046 —0.033 —0.026 —0.029 —0.022 54,59
CHsCHjs —0.047 —0.032 —0.029 —0.045 —0.031 —0.026 —0.021 54
C,H,O —0.022 —0.016 —0.010 —0.018 —0.012 —0.005 —0.018 54
CsHs —0.020 —0.007 —0.002 —0.02 —0.008 —0.001 —0.008 54
CHsCN 0.030 0.041 0.036 0.026 0.038 0.035 0.034 62
CH*3CCH —0.005 0.006 0.004 —0.005 0.006 0.007 0.029 54,63
CHs;CCH* 0.249 0.237 0.230 0.226 0.214 0.208 0.200 54
CH,CH; 0.037 0.035 0.037 0.035 0.033 0.034 0.027 54
CH.CFR, 0.100 0.099 0.102 0.091 0.093 0.093 0.072 54
COH, —0.044 —0.054 —0.053 —0.034 —0.048 —0.044 —0.040 54
cis-GHCl, 0.050 0.052 0.051 0.046 0.048 0.048 0.021 54
HCN 0.293 0.277 0.275 0.270 0.256 0.255 0.231 54
HCCH 0.242 0.226 0.223 0.226 0.214 0.209 0.201 54,63,65
rms erroP 0.0291 0.0210 0.0212 0.0192 0.0132 0.0128

fluorine HF B3LYP MP2 HF B3LYP MP2 exp refs
CHsF —0.548 —0.524 —0.527 —0.503 —0.503 —0.501 —0.490 50,52,53
CHyF, —0.605 —0.547 —0.548 —0.577 —0.522 —0.522 —0.488 54,55
CHR; —0.592 —0.547 —0.549 —0.566 —0.523 —0.524 —0.506 54,56
Cks —0.562 —0.530 —0.531 —0.542 —0.510 —0.510 —0.512 57
CRCI —0.609 —0.572 —0.572 —0.577 —0.540 —0.539 —0.590 54,61
CRCl, —0.638 —0.599 —0.597 —0.594 —0.557 —0.553 —0.585 54
CFCk —0.649 —0.612 —0.609 —0.596 —0.563 —0.556 —0.486 54
CH.CF, —0.581 —0.528 —0.522 —0.558 —0.509 —0.503 —0.423 54
COR —0.562 —0.521 —0.540 —0.537 —0.501 —0.516 —0.483 64

rms errof 0.0988 0.0628 0.0631 0.0716 0.0454 0.0442
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TABLE 1 (Continued)

chlorine HF B3LYP MP2 HF B3LYP MP2 exp refs
CHsCl —0.369 —0.299 —0.280 —0.350 —0.284 —0.275 -0.271 54,58
CH,Cl, —0.351 —0.328 —0.299 —0.328 —0.303 —0.284 —0.248 54
CHClg —0.335 —0.346 —0.311 —0.310 —0.313 —0.289 —0.267 54,59
CCly —0.325 —0.359 —0.323 —0.301 —0.325 —0.298 —0.261 60
CRCI —0.270 —0.278 —0.254 —0.258 —0.257 —0.246 —0.139 54,61
CECl, —0.308 —0.320 —0.293 —0.292 —0.296 —0.281 —0.233 54
CFCk —0.325 —0.345 -0.314 —0.304 —0.316 —0.296 —0.294 54
COChL —0.370 —0.379 —0.389 —0.345 —0.351 —0.368 —0.331 64
cis-GH,Cl, —0.269 —0.246 —0.226 —0.255 —0.229 —0.218 —0.203 54
rms errof 0.0807 0.0794 0.0573 0.0639 0.0566 0.0454

nitrogen HF B3LYP MP2 HF B3LYP MP2 exp refs
CHsCN —0.395 —0.319 —0.224 —0.410 —0.327 —0.239 —0.278 62
HCN —0.272 —0.192 —0.145 —0.284 —0.203 —0.157 —0.189 54
NCCN —0.225 —0.175 —0.095 —0.182 —0.182 —0.109 —0.122 54
rms errof 0.1020 0.0387 0.0431 0.1001 0.0454 0.0301

oxygen HF B3LYP MP2 HF B3LYP MP2 exp refs
C;H,O —0.656 —0.556 —0.531 —0.635 —0.535 —0.510 —0.483 54
COH, —0.708 —0.580 —0.499 —0.701 —0.579 —0.507 —0.513 54
COR —0.793 —0.641 —0.576 —0.772 —0.631 —0.574 —0.549 64
COCh —0.876 —0.729 —0.649 —0.841 —0.702 —0.627 —0.581 64
CO —0.384 —0.257 —0.144 —0.355 —0.238 —0.136 —0.228 54
CO, —0.786 —0.584 —0.535 —0.769 —0.588 —0.537 —0.536 54
OoCs —0.891 —0.682 —0.595 —0.868 —0.675 —0.588 —0.581 54
rms errof 0.2383 0.0874 0.0464 0.2167 0.0756 0.0414

sulfur HF B3LYP MP2 HF B3LYP MP2 exp refs
CS —0.645 —0.385 —0.323 —0.630 —0.382 —0.334 —0.344 54
OoCs —0.505 —0.302 —0.287 —0.470 —0.289 —0.285 —0.268 54
rms errof 0.2709 0.0377 0.0200 0.2476 0.0307 0.0140

aUnit of electronse. ® Root-mean-square erroy ¥ (@ — p)N

not always occur for the smaller basis, for which the errors for
the B3LYP level calculations are slightly smaller than the MP2
ones for the hydrogen, fluorine, and nitrogen atoms.

For the most accurate calculations, MP2/6-8#1G(3d,3p)
and B3LYP/6-31%+G(3d,3p), it is of interest to compare error
values for the different atoms. The rms errors for the carbon
atoms, 0.059 and 0.088respectively, are much larger than the
ones for the hydrogen atoms, 0.@l3or both kinds of
calculations. Probably, this owes to the fact that the carbon
atomic charge values vary over a much larger rang@317
to +2.04%, than do the hydrogen ones0.040 to+0.23%.

For carbon atoms in the hydrocarbon molecules 4,GE3Hs,

CsHe, and the methyl groups in GBN and CHCCH,whose o5 oo os 10 15 20
charges vary fromt-0.016 to 0.116, the rms errors are 0.017 Experimental mean dipole moment derivatives (e)
and 0.014, respectively, for the B3LYP and MP2 level

lculati Th h itud | h Figure 1. MP2/6-31H#+G(3d,3p) GAPT charges plotted against
calculations. ese errors have magnitudes very close to t eexperimental mean dipole moment derivatives. Units of electrans,
errors for the hydrogen charges.

Recently, De Proft et & have reported results of GAPT  calculated and experimental values are randomly distributed for
charge calculations for a group of fifteen molecules. Common the results with charge values betwee@.5 and+0.5, there

204 8

Exact agreement

0.5 B

-0.5 4 J B

MP2/6-311++G(3d,3p) GAPT charges (e)

to their group of selected molecules and ours aglCCH;, exists a tendency for the calculated values to be larger than the
CO, CQ, H,CO, and HCN. Their MP2/cc-pVDZ results have  experimental ones for some molecules having GAPT charges
a 0.062 rms error compared with a 0.08@rror for the MP2/ in the +0.5 to +2.0e range. This is even more clearly

6-31H+G(3d,3p) results. The latter is close to the 0 ©8ror appreciated in the graph of the residual valugs™™ — py, in
obtained for their QCISD GAPT charges. It is interesting that Figure 2. Although the residuals are randomly distributed for
the B3LYP density functional results are quite accurate for these the derivatives with the smaller values, the larger ones show

molecules. The B3LYP/cc-pvVDZ and B3LYP /6-3t+G(3d,-  systematic positive deviations from the zero result. Of these,
3p) GAPT charges have 0.084nd 0.032 errors relative to carbon GAPT charges for OCS, CQFEFCk, COCh, CCl,,
the experimental values. CH,C'F,, and CHC} exhibit the largest deviations from the

In Figure 1, the GAPT charges calculated using the MP2/6- lines representing exact agreement.
311++G(3d,3p) wave functions are plotted against their  The reason for this behavior can be more fully understood
experimental values. Although the differences between the by comparing values calculated for the fundamental intensity
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Figure 2. Residuals of calculated and experimental mean dipole
moment derivatives plotted against the experimental derivative values.
Units of electronse.

Experimental intensity sum (km mol")
Figure 3. MP2/6-311+G(3d,3p) calculated intensity sums graphed
against the experimental sums.
sums of these molecules with those determined experimentally.
Crawford’s G intensity sum rufé

SA-Q=K5ym,

relates the molecular intensity sufpA;, to a mass-weighted
sum of the squared atomic effective charges,whereQ is a
rotational contribution andn, represents the atomic masses.
The effective charge is given by

derivative. Hence, high mean dipole moment derivative values
are expected to be accompanied by high fundamental intensity
sums.

Calculated and experimental intensity sum re8tif>8,59.6995
are given in Table 2 for the molecules of this study, and a graph
of the MP2/6-31%+G(3d,3p) sum values against the experi-
mental ones is presented in Figure 3. Molecules with low
infrared intensity sums show random displacements from the
line representing exact agreement between calculated and
experimental values whereas the calculated results for molecules
with intensity sums larger than 500 km mékend to lie above
this line, the calculated results being systematically larger than
and is predominantly determined by the mean dipole moment the experimental ones. The molecules for which the carbon

®)

2e =i+ (219)3 9)

TABLE 2: Comparation of Calculated and Experimental Vibrational Intensity Sums (km mol %)

6-31G(d,p) 6-313+G(3d,3p)
molecules HF B3LYP MP2 HF B3LYP MP2 exp refs
CH, 158.0 134.6 109.6 142.2 102.3 85.2 102.2 -89
CHsF 297.0 229.5 210.9 210.0 210.0 195.2 193.6 73,74
CH,F, 609.6 507.2 498.5 551.4 454.9 444.8 415.0 55,75,76
CHR; 1028.2 896.2 899.7 936.8 811.3 811.4 761.6 56,77,78
CFy 1472.0 1322.7 1323.1 1375.6 1226.4 1225.8 1256.6 72,79,80
CHCI 144.8 106.3 98.4 123.7 84.1 78.8 74.9 58,73,81,82
CHCl, 270.6 250.6 213.6 232.8 207.7 182.2 156.3 76,83
CHCl; 405.1 440.5 362.3 356.3 373.0 320.7 258.0 59,84
CCly 469.5 578.2 467.9 408.9 481.8 a 322.2 84
CRCI 1328.6 1203.6 1174.6 1207.6 1082.4 1064.2 1122.2 85,86
CRCl> 1081.4 1022.1 963.0 957.2 892.4 854.5 819.8 76
CFCk 774.7 802.2 713.6 675.3 682.9 626.0 550.0 87
CHsCH;s 307.0 2475 203.7 287.6 214.2 176.0 194.5 88
C:H4O 259.1 212.4 171.4 253.8 197.8 158.9 173.8 88
CsHe 193.7 466.0 134.6 179.4 140.3 109.8 127.1 88
CH3CN 61.7 50.4 32.0 61.4 44.4 28.8 39.4 62
CH3;CCH 306.1 280.8 244.4 265.8 238.2 206.6 207.8 88
CH,CH, 203.5 173.5 161.2 175.7 145.0 127.2 149.7 88
CH,CR, 938.8 774.4 728.7 870.2 721.3 687.4 611.5 89
COH, 358.2 328.0 252.4 365.9 331.9 261.3 264.7 91
COR, 1324.0 1060.2 1020.2 1240.7 1002.3 968.2 851.8 88
COCbh 1069.4 938.9 853.9 990.4 856.5 800.8 641.3 88
cis-GHCl, 299.4 284.0 248.8 267.9 243.3 221.4 180.3 90
Cco 159.6 86.4 35.6 145.0 79.8 35.9 61.2 88
CO, 1241.2 724.6 617.1 1211.4 739.6 636.4 628.0 92
CS 1537.8 669.5 563.6 1574.8 699.8 600.5 555.0 88
OCS 1366.5 769.1 656.8 1349.6 786.0 677.3 611.1 88
HCN 184.8 170.2 177.5 150.8 141.4 149.0 111.0 93
HCCH 369.8 321.3 3145 321.8 287.4 275.1 259.0 94,95
NCCN 50.4 38.1 45.4 44.2 44.2 52.3 41.4 88
error 311.21 128.28 85.83 285.84 87.34 51.35

a Calculation could not be executed on our workstation.
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GAPT charges show the largest deviations from the experi- 4. Discussion

mental mean dipole moment derivatives in Figure 1, OCS, 5154 .

COR, CFCh, COCh, CH,CP, and CHC also have the largest _YE1Y recent studiés*thave shown that mean dipole moment
derivatives obtained from experimental intensity measurements

deviations of the calculated MP2/6-3t+G(3d,3p) intensity o "
; can be related to core electron binding energies of 1s carbon
sums from the experimental ones. The root-mean-square error

for the intensity sums for these molecules, 99.0 kmThak ag'?e:ﬁ)ia(lnmf) di’IS’?z) hoiae\geg Gsrr;u%;\r]/na;cr)]?scotf\yl/v;p;ersslmple
about twice the error observed for all molecules studied, 51.4 P prop y 9
km mol1.

Two interpretations are possible. The theoretical estimates E=kpe +AthA/ Rac (10)
are consistently too large, or the measured intensities are -
systematically too low. Incomplete pressure broadening was a
major preoccupation in experimental works, especially for
molecules with strong band%and could provoke intensity sum
values lower than the correct ones. On the other hand, most o

whereE represents the binding energy, andpa mean moment
derivatives of the atom being ionized and its neighboring atoms,
frespectively, andRac, the internuclear distance between atoms

the intensity sum values in Table 1 are seen to decrease as th@ a_nd C This relat|o_nsh|p suggests that the mean dipole moment
derivatives can be interpreted as atomic charges, at least for

basis set is increased from 6-86(d,p) to 6-313+G(3d,3p) accurate estimations of electrostatic potentials close to nuclei,

and as the electron correlation treatment level becomes more o . -
- and hence as ionization energies of core electrons. In this
sophisticated. One could conclude that the calculated values are.. . - A .
) discussion, focus is centered on how these derivatives vary with
higher than the correct ones and tend to decrease as a MOr G hanges in traditional chemical valency parameters, such as
accurate description of the electronic densities in these molecules 9 y P ’

. . . - electronegativity and degree of hybridization, in order to judge
is attained, converging to the experimental values. The trend . . )
. . s whether their behavior reflects the one expected for atomic
for IR intensities to decrease with improved treatment of electron charaes
correlation effects has been reported previotsfy:*5This trend Thge c.arbon atom mean dipole moment derivatives of the
has been explained by correlating decreasing intensity Valueshalomethanes vary from 0 Olgto 2 @5nd have been shown
with increasing equilibrium bond length predictions as electron to be linearl relat):ad o thé avera 'e clectroneaativity of their
correlation treatments become more comptetgowever, these y 9 9 Y

effects are only observable if sufficient balance between baSiSﬁsgft'géigaa,f\r,ﬁggfeoﬁﬂ?sla:n%ﬁg?ugimimfrsisa\fo:ﬁla'
set size and electron correlation treatments exists. Y Ma ying

. 0.003 to—0.02%, pr from —0.485 to—0.62%, andpc from
It should also be remembered that the Gaussian and GAMESS_O_148 to—0.294. The mean dipole moment derivatives of

computer programs provide results calculated within the limita- g, 5 051 and-0.512 for carbon and fluorine, respectively
tions of the harmonic oscillateflinear dipole moment function 5.4 ’almost identical to Mulliken charges2.091 a,nd—0.52399 '

approximations?® This could explain part of the discrepancies e \yliiken charge procedure might be expected to be accurate
seen in Figures-13 and lower the errors reported in Tables 1 ¢4 ihe CF charges, since it is a very polar molecule with clear

and 2. Furthermore, rotational corrections should be made in yjisions between electronic densities around the C and F atoms.
comparing theoretical and experimental mean dipole moment gq this reason, large uncertainties in the calculated Mulliken

derivative result8” The application of these corrections could  charge values owing to the discrimination of overlap charge
improve the correlation in Figure 1 but not the one in Figure 3. yistriputions are not expected.

A new feature introduced here is the comparison between The terminal atoms of the halomethanes also have mean

experimental and theoretical intensity sums rather than com- derivatives showing a simple relationship with electronegativity.
parisons between individual intensity values. Sum comparisonsThe py values of the X atoms in the GM (X = F, Cl, Br, I,

can be more informative. First, a major source of error in and H) moleculed®® —0.502, —0.267-0.137, —0.114, and

individual intensity determinations comes from separating —0.004, are linearly related to their own electronegativities,
overlapped bands into their component contributinghe 12.18, 9.38, 8.40, 8.10, and 7.17 on the Mullikelaffe scalé®L
methyl halide molecules provide good examples for which a This behavior is expected for atomic charge values. Similar
majority of fundamental bands are overlapped. Of the siX pehavior is also observed for the®O molecules (X= F, Cl,
fundamental bands in G, all are overlapped;; with v4, v2 Br, H) with px values of—0.483,—0.331,—0.16, and—0.04G,
with vs, andvs with ve. Furthermore, the band separation error respectivel\#4192|t is interesting thapo = —0.554 is more
is 2/3 of the Beer's law plot error. A similar situation prevails negative tharpr = —0.482 in the RCO molecule. This is
for its isotopomer, CBF. More than two fundamentals can be  consistent with the fact that the oxygen atom appears to lie in
overlapped as in CHf,, wherevs, v; andvy are all overlappeéf the same direction as the negative pole of th@® permanent
The use of molecular intensity sums for these molecules seemsdipole moment®3
more appropriate for comparison with theoretical results than Hydrocarbon molecules are the most appropriate to use for
do individual intensity values. determining how mean dipole moment derivatives vary with
It should be remembered that the experimental values havechanges in hybridization. Thpy values in ethane, ethylene,
not been corrected for anharmonic effects, so that a completelyand acetylene are 0.021, 0.027, and 02@dspectively’? This
rigorous comparison between experimental and calculated valuesrend correlates with the one for the acidities of these molecules.
cannot be made. Anharmonic corrections for intensities are moreAs the s character of the hybrid increases, the hydrogen atom
complicated than the corresponding ones for frequencies. Notbecomes more positively charged. This is consistent with the
only must anharmonic effects of the vibrations be taken into facts that the CH bond lengt®4 decrease with increasing s
account but the intensity calculation should contemplate non- character, withicy = 1.094, 1.087, and 1.060 A ins8e, CoHa,
linearity in the dipole moment functiorf8 Corrections of these ~ and GHy, respectively, and that the hydrogen atom appears to
effects for individual bands can be either positive or negative, become more negatively charged as the CH bond distance
and some cancellation might occur for fundamental intensity increases during molecular vibratiof8.The same trend with
sums. hybridization is found for thgy of CH3CCH. The sp-bonded



5326 J. Phys. Chem. A, Vol. 104, No. 22, 2000

hydrogen has a mean derivative value of 0£0@hereas the
methyl group hydrogen has a 0.@#alue. The hydrogen atom
in HCN also has a very positiiy value,+0.23%, that is even
higher than the values found for HCCH and £HCH. This is

Oliveira et al.

(9) Bader, R. F. WAcc. Chem. Re<d.985 18, 9.
(10) Maslen, E. N.; Spackman, M. Aust. J. Phys1985 38, 273.
(11) Politzer, P.; Harris, R. Rl. Am. Chem. S0d.97Q 92, 6451.
(12) Politzer, PTheor. Chim. Actal971, 23, 203.
(13) Weinhold, F.; Reed, A. E.; Weinstock, B. Chem. Phys1985

consistent with the fact that the CN group is expected to be 83, 735.

more electronegative than the g&C and HCC groups.

(14) Reed, A. E.; Weinstock, Bl. Chem. Phys1986 84, 2418.
(15) Reed, A. E,; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

Electronegativity arguments are also consistent with the ggg.

oxygen and sulfur mean dipole moment derivative values.

Consider the C®, OCS, and Csmolecules. Thepo values
are—0.536 and—0.58% for CO, and OCS, respectively, and
the ps values are—0.268 and—0.344 for OCS and C§
respectively?

Finally, these kinds of arguments have also been shown to

be valid for the MH (M = C, Si, Ge, and Sn) moleculék.

Descending the periodic table for the Group IV elements

corresponds t@y values of 0.016, 0.904, 0.862, and 1.616

In contrast to the monotonic decrease observed in the elec-

(16) Coppens, P.; Hansen, N. Kcta Crystallogr., Sect. A978 34,

(17) Coppens, PJ. Phys. Chem1989 93, 7979.

(18) Figgis, B. N.; Iversen, B.; Larsen, K.; Reynolds, P. Acta
Crystallogr., Sect. BL993 49, 794.

(19) Coppens, P.; GuruRow, T. N.; Leuing, P.; Stervens, E. D.; Becker,
P. J.; Wang, Y. WActa Crystallogr., Sect. A979 35, 63.

(20) Schwartz, W. H. E.; Reudenberg, K.; Mensching, lJ. Am. Chem.
Soc.1989 111, 6926.

(21) Reudenberg, K.; Schwartz, W. H.E.Chem. Phys199Q 92, 4956.

(22) Hess, B.; Lin, H. L.; Niu, J. E.; Schwartz, W. H. E. Naturforsch
1993 484, 180.

(23) Seiler, P.; Dunitz, J. DHelv. Chim. Actal986 69, 1107.
(24) Seiler, PActa Crystallogr., Sect. B993 49, 223.
(25) Maslen, E. N.; Streltsov, V. A,; Streltsova, N.A&cta Crystallogr.,

tronegativity values of the halogens as one goes down the table,
the electronegativity values of Si and Ge are determined to be
Sect. B1993 49, 636, 980.

almost e.q.ual’ with ”.‘OSt tal:_)les reporting a german_ll_Jm eI_ec— (26) Williams, D. E. Reviews in Computational Chemistry/CH:
tronegativity value slightly higher than the one for silicon, in  \weinheim, 1991; Vol. 2, Chapter 6.
agreement with atomic charge interpretation of the observed (27) Williams, D. E.; Yan, J. MAdv. At. Mol. Phys.1988 23, 87.
(29) Cox, S. R.; Williams, D. EJ. Comput. Chen981, 2, 304.
(30) Singh, U. C.; Kollman, P. AJ. Comput. Cheml984 5, 129.
(31) Momany, F. AJ. Chem. Physl978 82, 592.
(32) Ferenczy, G. GJ. Comput. Cheml991, 12, 913.
(33) Chirlian, L. E.; Francl, M. M.J. Comput. Chenil 987, 8, 894.
(34) Breneman, C. M.; Wiberg, K. B.. Comput. Chenl99Q 11, 361.
(35) Ti, J.; Cramer, C. J.; Truhlar, D. @. Phys. Chem. A998 102
820.
(36) Cioslowski, JJ. Am. Chem. S0d.989 111, 8333.
(37) Cioslowski, JPhys. Re. Lett. 1989 62, 1469.
(38) Cioslowski, J.; Hay, P. J.; Ritchie, J. .Phys. Cheml99Q 94,

5. Conclusions

Theoretical mean dipole moment derivative and intensity sum
results tend to converge to their experimental values as basis
set and electron correlation treatment levels improve. This is
consistent with results that have been reported previously1
emphasizing individual intensity values. With the 6-31tG-
(3d,3p) basis set, MP2 calculations deviate from experimental
intensity sums by 51 km mof or almost 15% of the average 14E(;éQ) Cioslowski, J.; Hamilton, T.; Scuseria, G.; Hess, B. A, Jr.; Hu, J,;
experimental intensity sum.value. Most of the calculated valugs Schaad, L. J.: Dupuis, MI. Am. Chem. Sod99Q 112 4183.
are larger than the experimental ones. The B3LYP density (40) Helgaker, T. U.; Jensen, H. J. Agrgensen, PJ. Chem. Phys.
functional level results in almost twice this error, 87 km ol 1986 84, 6280. ) )

Depending on the application, this loss of accuracy might be 19&4(151)25%%?30& F. D.; Martin, J. M. L.; Geerlings, Bhem. Phys. Lett.
compensated by shorter computational times. Comparison of ™ 42y astrand, P. 0.; Ruud, K.; Mikkelsen, K. V..; Helgaker,JT Phys.
theoretical and experimental intensity sums rather than indi- Chem. A1998 102 7686.

vidual intensity values eliminates uncertainties that can arise _ (43) Person, W. B. Irvibrational Intensities in Infrared and Raman
from overlapped fundamental band separations. Comparison ofgﬁg;ttgzcgpﬁerson' W. B., Zerbi, G., Eds; Elsevier: New York, 1982;
theoretically calculated GAPT charges with experimental mean  (44) Halis, M. D.; Schlegel, H. BJ. Chem. Phys1998§ 109, 10587.
dipole moment derivatives is also recommended, since the latter (45) Thomas, J. R.; Deleeuw, B. J.; Vacek, G.; Crawford, T. D;
are averages of independent intensity measurements on isoYamaguchi, Y.; Schaefer, H. B. Chem. Phys1993 99, 403.

(46) Overend, J. Innfrared Spectroscopy and Molecular Structure

topomers. Furthermore, the experimental mean dipole momentp,yis M., Ed.: Elsevier: Amsterdam, 1963; Chapter 10.

derivatives have values that exhibit behaviors upon changes in
electronegativity and hybridization that are expected of atomic 108

charges.
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