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The simple potential model has been shown to be useful in relating core electron binding energies measured
in the X-ray region with mean dipole moment derivatives obtained from experimental infrared vibrational
intensities. The importance of including relaxation corrections to the experimental 1s ionization energies of
sp, sp, and sp hybridized carbon atoms are investigated here. Although relaxation energies obtained from
6-31G(d,p) and 6-3Ht+G(3df,3p) basis sets usiySCF calculations show differences of about 1 eV for
most molecules studied, relative differences are of the order of 0.1 eV. Exceptions are the £QA3)

and CS molecules where discrepancies are larger. Relaxation energy corrections improve simple potential
model fits with mean dipole moment derivatives for all carbon atom models but is most pronounced for the
sp hybridized atoms. The simple potential model corrected for relaxation energies is investigated as a criterion
for testing the quality of Mulliken, CHELPG, Bader and GAPT carbon atomic charges calculated from MP2/
6-311++G(3d,3p) wave functions. The GAPT charges are in excellent agreement with the experimental
mean dipole moment derivatives (within 0.@pand provide superior statistical fits to the simple potential
model when compared with those obtained for the other charges.

Introduction tives to experimental 1s carbon atom ionization energies of the

Recently., the simple potential moderoposed 30 years ago fluorochloromethane3!® However, the relaxation energies
Y, pe P P y 9 calculated by each of these methods are not constant. For

by S_legbahn and coIIab_orators has l_aeen shown to be useful Ir]example, 6-31G(d,pASCF relaxation energies for the fluoro-
relating core electron binding energies measured in the X-ray

. : . . o . chloromethanes have variations, more than an order of magni-
region with polar tensor invariant quantities obtained from

. . o . i tude larger than the estimated experimental errors in their
experimental infrared vibrational intensitié§eparate models measured ionization eneraies. Further improvement of the
relating the carbon 1s core electron binding energies to their . . . gies. P
mean dipole moment derivatives were found for s, spd potential model fits might be expected, especially for molecules

L ; i with sp hybridized carbon atoms since their 1s ionization
sp® hybridized atoms. Furthermore, the models’ parameter values

were shown to be inversely dependent on the carbon atomg;e;g'ﬁz\jgtigr% (v:v%eacr?;ez?ld :ac;(&évr?r;]ee?c;rdditoolrssﬂtolr?went
covalent radii and identified with the Coulomb repulsion 9 P P

integrals involving core and valence electrons. This was szr\'/\éaftbvne;igrr; ljczelguﬁas'[e?jt?/vn;[ﬁ ;%a}:rflefég%r% T%’:S;X:Z?S'VG
confirmed in our later study relating 2p and 3p electron ’ =P

ionization energies of Si and Ge with their atomic polar tensor are gpplled to the 1s lonization energies mve;shgated in-our
matrix traces previous work in ordgr to further test the |mport'ance of
The potential model is expected to accurately relate core relaxation effects on simple potential model applications.

electron binding energies and mean dipole moment derivatives 1€ sécond assumption is not so easily tested. There is no
if two conditions are fulfilled: (1) the relaxation energies of ~universally accepted method of calculating atomic charges, and

the ionization process being investigated are negligible or N0 experimental technique is available to measure them directly.
constant and (2) the mean dipole moment derivatives can be e mean dipole moment derivative, on the other hand, can be
identified with atomic charges. These two assumptions are determined using only experimental fundamental vibrational
investigated in this work. frequency and infrared intensity data and common molecular
To maintain its simplicity and usefulness for the interpretation Parameters obtained from experimental sources, such as atomic

of experimental results, the potential model was not designed Masses, molecular dipole moments, bond distances, and angles
to contemplate the reorganization of electron densities in between bonds. Futhermore, it can be calculated from the same

molecules during the ionization process. Relaxation energiesmolecular orbital wave functions used to calculate other kinds

can be used to adjust the experimental ionization energies to®f charge estimates. In fact, population analysis using mean
compensate for this reorganization so that the modified energiesdiPolé moment derivatives, also called GAPT (generalized
are appropriate for use in simple potential model applications. atomic polar tensor) charges, has been proposed by Ciostéwski
These adjustments, whether using values calculated from either2d does not require any direct reference to the basis set used
the empirical equivalent cores mettiotlor the ASCF method2? to calculateo_l thg mol_ecular wave function. However, dipole
from 6-31G(d,p) wave functions, improve agreement of potential Moment derivatives, just as dipole moments, have not been

model fits of experimental carbon mean dipole moment deriva- considered reliable sources of atomic charge values since
molecules do not appear to be describable by spherical nonde-
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indicate that charge flux and polarization contributions are IpJox, 0pJay, 9p/iz,
important in determining the values of atomic polar tensor p§<a) — 3W3Xa 3p}/aya apylazu
elements and consequently their corresponding mean dipole apJox, dplay, 0p]iz,
moment derivative$?

In spite of theoretical arguments to the contrary, in this paper The mean dipole moment derivative of at@mpy, is simply
carbon mean dipole moment derivatives determined from one-third the trace of this matfk
experimentally measured fundamental infrared intensities are

4)

shown to provide accurate fits to simple potential models for

experimental 1s electron ionization energies adjusted by their

relaxation energies. This is even true for the sp hybridized
carbon atoms in the CO, GOOCS, and C$ molecules.

Furthermore, it is suggested that the simple potential model be
used as a criterion to judge the quality of atomic charge estimates

of electron distributions in molecules. If atomic charges are

capable of reproducing the electrostatic potentials of molecules,
it is desirable that they do so at their nuclei where a convenient
experimental measure of these potentials can be obtained,
namely the core electron ionization energies. Whereas experi-

mental ionization energies adjusted for neighboring atom
electrostatic potential contributions and corrected for relaxation
effects provide excellent fits to the simple potential model when
either experimentally derived mean dipole moment derivatives
or their theoretical estimates from ab initio wave functions are
used as atomic charges, it is shown here that significantly
inferior statistical models are obtained using more common
charge measures, Mullikédl4 CHELPG}!®> and Bade¥l?
charges, calculated from these same wave functions.

Calculations

Within the harmonic oscillaterlinear dipole moment aproxi-
mations the measured fundamental infrared inteng\y,is
proportional to the square of the dipole moment derivative with
respect to its associated normal coordin&§e,

NATT[ 95 )2

=li0) )
3c Q|
Na andc being Avogadro’s number and the velocity of light.
The dipole moment derivatives can be transformed to atomic
Cartesian coordinates using the expressiéh
Py =PoL 'UB+P}j @)

wherePg is a 3x 3N—6 matrix of the dipole moment derivatives
obtained from the measured infrared intensitieslany U, and
B are well-known transformation matrices commonly used in
normal-cooordinate analysis.The P,f product provides the
rotational contributions to the polar tensor elements. As such,
the polar tensor elements containedFix are obtained using
the molecular geometry (tH® and matrices), symmetry (the
U matrix), vibrational frequencies, and atomic masses (the
normal coordinaté. ~! matrix) and permanent dipole moment
values, as well as the experimentally measured intensities.

The molecular polar tensoRx, is a juxtaposition of the
atomic polar tensors (APT’s)

P, = {PY P@.. P} (3)

with N being the number of atoms in the molecule. Each APT

contains the derivatives of the molecular dipole moment with
respect to the atomic Cartesian coordinates

P = 1/3(0p,/0x, + dpdy, + pJoz,) 5)

Molecular orbital calculations were performed using the
Gaussian 9% and GAMESS-U&' programs on IBM RISC 6000
and DEC ALPHA workstations. ThAASCF energies were
carried out on molecules and their cations using HF/6-3
11++G(3df,3p) wave functions. Adiabatic relaxation energies
were used to correct the experimental ionization energies for
use in the simple potential model applications. These energies
have values very similar to corresponding vertical ionization
energies corrected for zero-point vibrational energies. The
Mulliken, Bader, CHELPG, and GAPT charges were calculated
at the Moller-Plesset 2 level from wave functions obtained with
the same basis set, except that f polarization functions were
removed since their inclusion in the basis set resulted in
excessive memory and disk demands for our workstations.
Calculated MP2 equilibrium geometries were used to obtain the
charges.

Relaxation Energy

The simple potential modetorrected for relaxation effects
for the carbon atom is given by

Oa
EC,Is = kqC + Z: — Erelax = kqC +V+ Erelax (6)
A= Rac

whereEc 1sis the carbon 1s core ionization energy,andqc
are atomic charge®Rac is the internuclear distance between
atoms A and C, andE.px is the relaxation energy for the
ionization process. The first two terms in this equation can be
derived from purely classical electrostatic considerafiéhg’
or from quantum mechanicdlarguments. Thk parameter can
be identified as the average electrostatic interaction between
an electron located in a core orbital near the nucleus of an atom
and a valence shell of unit charge around this nucleus, or in
guantum chemical terms, as the corresponding Coulomb integral.
Consistent with this interpretation thevalues obtained from
the slopes ofc 1s— V versuspc linear plots for sp, sg?, and
sp hybridized carbon atoms as well as from analogous ones for
sp?, Si and Ge atoms are inversely proportional to their standard
atomic radii?2 This result can be expected if the relaxation
energy contribution in eq 6 is negligible or constant. However,
relaxation energy values calculated by h®CF method using
6-31G(d,p) wave functions for the fluorochloromethanes and
reported in our previous study varied froril1.9 eV for Ch
to —14.5 eV for CHC}. The energy range of 2.6 eV is much
larger than the estimated 0.1 eV measurement error for the C
1s ionization energies and 25% of the 11.0 eV variation observed
in the experimental ionization energies of these molecules. Since
the relaxation energies provide significant contributions to the
corrected simple potential model which could affect interpreta-
tion efforts, more accurate estimates were determined in this
work using theASCF method with a more extensive 6-3ttG-
(3df,3p) basis set.

Table 1 contains the experimental carbon 1s ionization
energies? the ASCF energies, and the relaxation energies
calculated using HF/6-311+G(3df,3p) and HF/6-31G(d,p)
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TABLE 1: Experimental lonization Energies, and ASCF T T T T T T

Energies and Relaxation Energies Calculated Using HF/ 304"_ "
6-311++G(3df,3p) and 6-31G(d,p) Wave Functions (eV) 302 4
molecule Eexpa EASCI}J EASCFC 7Erelb 7Erelc AErelb AEreIC 300_-
CH, 290.90 290.58 291.76 14.26 13.15 000 0.00 < .1
CHsF 293.60 293.52 294.61 13.97 1290 0.29 025 = ]
CHoF, 296.36 296.55 297.63 13.62 1255 0.64 0.60 3z 295
CHR; 299.10 299.64 300.76 13.25 12.19 1.01 096 & .
CFK, 301.85 302.67 303.86 12.92 11.90 134 125 § 294 a
CHCI 292.48 292.37 293.56 14.75 13.660.49 —0.51 ) 292 = HF/6-31G(d,p) ]
CH.Cl, 293.90 293.98 295.14 15.17 14.130.91 —0.96 D ] o HF/6-311++G(3df,3p)
CHCI3 295.10 295.45 296.57 15.56 14.531.30 —1.38 < 290 4 Exactagreement -
CCly 296.39 296.82 297.90 15.95 14.961.69 —1.81 1 :
CRCI 300.31 301.00 302.23 13.95 12.97 0.31 0.18 288 ]
CRCl, 298.93 299.50 300.57 14.78 13.810.52 —0.66 e oed oes ovn aba | a
CFCl 297.54 298.11 299.16 15.44 14.471.18 —1.32 00 w24 ez 30 s
CHsCHs 290.74 290.35 291.55 14.62 13.530.36 —0.36 Experimental ionization energy (eV)
CoH,0 292,50 292.33 293.52 14.59 13.480.33 —0.33 Figure 1. 6-31G(d,p) and 6-31t+G(3df,3p) ASCF ionization ener-
CsHs 290.60 291.44 13.85 —0.70 gies plotted against the experimental ionization energies of the
CRCR; 299.72 301.18 12.91 0.24 fluorochloromethanes.
C*HsCN 293.10 293.82 13.21 —0.06
C*HsCCH  291.77 292.62 13.40 —0.25 T y T - T T T
C*HsCCCH; 291.30 292.32 13.50 -0.35 357 . . AEV) ]
CH.CH; 290.70 291.69 13.72 —0.57 30 AE-V-E ) ]
C*H.CR, 291.33 290.68 291.93 14.99 13.750.73 —0.60 | rel
CH.C*F, 296.10 296.21 297.43 14.59 13.420.33 —0.27 25 J
COH, 294.47 295.92 12.57 0.58 S
COR 299.64 302.00 11.74 141 @ 204 .
COCh 296.75 298.78 13.48 —0.33 S
cisCH.Cl, 292.31 293.50 14.44 -1.29 g7 7
Cco 296.19 296.48 298.20 12.33 10.77 193 238 & | ]
CO, 297.75 298.90 300.71 1253 11.17 173 198 W ]
CS 293.10 294.47 295.90 15.59 14.421.33 —1.27 5 4
OCs 295.20 296.77 298.40 14.22 13.05 0.04 0.10 :
HCN 293.50 294.99 12.15 1.00 o1 T
HCCH 291.14 292.51 13.14 0.01 5]
NCCN 294.50 296.50 12.45 0.70 - T " T " T T — T "
CHC*N  293.20 294.20 12.58 0.57 00 05 10 e 20 25
CH,C*CH  291.07 292.06 13.43 —0.28 Experimental C mean dipole moment derivatives (e)
CH,CC*H ~ 290.40 291.57 13.50 —0.35 Figure 2. Experimental carbon 1s electron ionization energies adjusted
CHC*CCHs 290.03 291.27 13.76 —0.61 by neighboring atom electrostatic potentials and relaxation energies
aReference 29 Calculated using HF/6-311+G(3df,3p) wave graphfed againfstcarbon.mean.(.:iipole momentderiva.tives calt;qlated from
functions.< Calculated using HF/6-31G(d,p) wave functiohRelative experimental infrared intensities for mole(_:ules with? $yybridized
relaxation energies obtained by substracting the corresponding CH carbon atoms. The energy values are relative to a zero methane value
relaxation energies. (Ecas— V — Erelax = 304.18 eV for methane).

basis set wave functions. The fluorochloromethane values fromrepresenting exact results than are the points for the other
the latter wave functions were previously publisRethe HF/ molecules calculated from the same wave function.
6-3114++G(3df,3p) wave functions result iINSCF ionization However, the relaxation energies relative to the methane
energies for the fluorochloromethanes in much better agreementenergy are practically the same for both wave functions. This
with the experimental values (standard prediction error of 0.46 is very clear upon inspection of Figure 1 where the linear
eV) than do the HF/6-31G(d,p) wave functions (standard patterns of the 6-31G(d,p) and 6-3#+G(3df,3p) relaxation
prediction error of 1.48 eV) where the error is 3 times larger. energy results are parallel to one another. In the last two columns
This is clearly seen in Figure 1 where the calculateé8iCF of Table 1 relaxation energy values relative to a zero methane
energies from the two wave functions are plotted against the value are given for both sets of wave function results. These
experimental ionization energies. Whereas most of the HF/6- results are almost the same with most differences being less
311++G(3df,3p) energies are very close to the line representing than 0.1 eV. As a consequence, correction of the reldivy
exact agreement, the 6-31G(d,p) results ar@ &V above this energies using relaxation energies of HF/6-31G(d,p) wave
line. functions instead of those calculated from 6-3#G(3df,3p)
Relaxation energies were also calculated for the CO,,CO wave functions hardly affects the quality of fit to the simple
COS, and Cgmolecules using both wave functions since the potential model if relative experimental ionization energies,
6-31G(d,p) ASCF energies were -8 eV larger than the electrostatic energies from charges on neighboring atoms and
experimental ionization energies. These values seem excessivelyelaxation energies are used.
high considering the 1.48 eV prediction error for the fluoro- In Figure 2 relativeA(E — V) ordinate values corrected by
chloromethanes. TheASCF energies calculated with the relaxation energies determined from HF/6-31G(d,p) wave func-
6-311++G(3df,3p) wave functions are in better agreement with tions are shown plotted against the experimental mean dipole
the experimental results but are still too high by-1126 eV moment derivatives for the $arbon containing molecules
and much larger than the 0.46 eV predicted error found for the given in Table 1. The regression line in FigureXE — V —
fluorochloromethanes. The points for these molecules in Figure Erelay) = 15.0c + 0.04 has a correlation coefficient, of
1 are easily located since they are much farther from the line 0.9986 and is very similar to the model in ref 2 for the
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Figure 3. Experimental carbon 1s electron ionization energies adjusted Figure 4. Experimental carbon 1s electron ionization energies adjusted
by neighboring atom electrostatic potentials and relaxation energies by neighboring atom electrostatic potentials and relaxation energies
graphed against carbon mean dipole moment derivatives calculated fromgraphed against carbon mean dipole moment derivatives calculated from

experimental infrared intensities for molecules witl? $yybridized experimental infrared intensities for molecules with sp hybridized
carbon atoms. The energy values are relative to a zero methane valuecarbon atoms. The energy values are relative to a zero methane value
(Eciis — V — Erelax = 304.18 eV for methane). (Ecis — V — Erelax = 304.18 eV for methane).

fluorochloromethanesA(E — V — Ereay) = 15.1%¢ — 0.02 OCS, and Cgsince the numbers of degrees of freedom are not
with r = 0.9996. These regression results are only slightly the same for both.

superior to the one obtained for the uncorrected data in Figure Unfortunately, a decision of how to model the sp carbon data
2, A(E — V) = 15.3%c — 0.48 withr = 0.9961. Note that the  is not possible based on the results presented here. Even though
intercept of—0.48 eV has an absolute value much larger than core ionization energy measurements are quite numerous,
the expected experimental uncertainty in the experimental infrared intensities have been measured for relatively few
ionization energies, 0.1 eV. However, the model for relaxation- molecules. The uncorrected data plot strongly points to the
corrected energies has an intercept much closer to zero, 0.04existence of two models whereas analysis of relaxation energy
eV, as expected for an accurate model. corrected data indicates a greater possibility for a one-model

In Figure 3, relaxation energy corrected and uncorredted  interpretation. In any case, more study is needed to resolve this
(E — V) values are graphed against the mean dipole momentpYOblem. Perhaps higher level molecular orbital calculations on
derivatives of sp hybridized carbon atoms. The regression Strategically chosen molecules, and not just those for which
model for the corrected valueA(E — V — Eea) = 16.3%¢ experimental polar tensor data exist as investigated here, can
— 0.43 hasr = 0.9955 and is slightly superior to the one for help resolve this problem.
the uncorrected values(E — V) = 17.2¢ — 1.10, withr =
0.9941. Note that, although both models explain almost Atomic Charges

equivalent amounts of variance, the slope and intercept values jean dipole moment derivatives can be interpreted as arising
are q_uite sensitive to the inclusion of relaxation corrections in om three contributions: (1) movement of static charges about
the simple potential model. their atomic equilibrium positions, (2) atomic charge variations
Corrections for relaxation effects become important in the during molecular vibrations, and (3) quantum mechanical
study of sp hybridized carbon atoms. Whereas the relative contributions arising from off-diagonal elements of the dipole
relaxation energies for HCN, HCCH, NCCN, @GEN, Chs- moment matrix. This interpretation is summarized in what is
CCH, and CHCCCH; have absolute values less than 1 eV, they called the chargecharge flux-overlap (CCFO) modéPland
are about 2 eV for CO and GOIn Figure 4 corrected and  has been frequently discussed in the chemical literature.
uncorrected\(E — V) values for thesphybridized carbon atoms  Depending on the molecule and type of vibration involved, any
are graphed against their experimental mean dipole momentone of the three contributions can be dominant. For molecules
derivatives. TheA(E — V — Erela) = 14.58c + 1.54 model  with very polar bonds, such as the fluoromethanes, the first
hasr = 0.9932. This is significantly larger than the 0.9694 contribution is often the most important and the mean dipole
correlation coefficient of th&\(E — V) = 15.19c + 1.80 model. ~ moment derivatives of its atoms can be interpreted as atomic
The large relaxation energy correction for CO causes its point charges? Although the other contributions appear to be
to fall close to its corresponding regression line even though dominant in molecules with less polar bonds, such as the
the uncorrected point falls far from it. chloromethanes, all the fluorochloromethanes have been found
The distribution of points in Figure 4 suggests the possible to obey the same mean dipole moment derivatieectro-
existence of two models, one for the ¢GCOS, and C$ negativity modeP2-34 This evidence and the excellent linear
molecules and another for the other sp hybridized carbon fit in the graph of Figure 2 suggest that the all fluorochlo-
containing molecules. For the HCN, HCCH, NCCN, £CH\, romethane carbon mean dipole moment derivatives, in spite of
CH3CCH, CH,CCCH;, and CO molecules A(E — V — Erelay the theoretical CCFO arguments to the contrary, can be
= 16.88c + 1.76 model is predicted with = 0.9957. Note interpreted as atomic charges.
that the slope value of this equation is much larger than the Table 2 lists values of Mulliken, Bader, CHELPG, and GAPT
ones for the models calculated including the £00S, and carbon atomic charges calculated at the MP2/643tG(3d,3p)
CS, data. Of course, one should not directly compare the level for the fluorochloromethanes as well as for other carbon-
correlation coefficients of the regressions with and withou,CO  containing molecules that were included in our earlier study.
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TABLE 2: Experimental Mean Dipole Moment Derivatives L T T T T T
and GAPT, CHELPG, Bader, and Mulliken Charges 340 4 A |
Calculated Using MP2/6-31#+G(3d,3p) Wave Functions (e) o GAPT

molecule Omul OBader  OcHELPG  OgAPT p° : '\CA:IIIE“ET’?B
CH, —0.245 0.081 —0.380 —0.005 0.014 3301 A Bader 7
CHsF 0.448 0.639 0.154 0.546 0.540 =
CH,F, 1.018 1.221 0.375 1.088 1.015 &
CHR; 1.507 1.844 0.549 1.581 1.518 LUE 320 E
Cky 2.091 2.511 0.724 2.040 2.123 -
CHsCI —0.333 0.186 —-0.179 0.271 0.272 'g
CHCl, —0.458 0.268 —-0.171 0.578 0.527 w’ 3104 _
CHCl; —0.273 0.335 —0.247 0.891 0.823 X
CCly 1.278 0.395 —0.404 1.194 1.044 1
CRCl 1412 a 0.305  1.860 2.033 wod M® i
CFRCl, 0.787 a 0.014 1.666 1.636 X
CFCk 0.428 0.896 —0.168 1.441 1.367 N —
CH3CH3 —-0.189 0.102 0.001 0.079 0.063 0.5 0.0 0.5 1.0 15 20 25
C:H40 0.312 0425 —0.110 0.265 0.277 Atomic charge (e)
CsHe —0.054 0.014 —0.220 0.003 0.017 . . L . .
CF:CFs b b b b 1.328 Flgure: 5. Ex_perlmental carbon 15_ electron'lonlzatlon energies adjust_ed
C*H-CN 0.090 0.147 —0245 0.108 0.102 by nelghbornjg atom electrostatic potentials and re_Iaxat|on energies
C*HCCH ~0061 0.145 —0025 0125 0112 graphed against GAPT, CHELPG, Bader, and Mulliken charges for
C*H.CCCH, b b b b 0117 sp* hybridized carbon atoms.
CH,CH, —0.044 0.009 —0.251 -—-0.069 —0.055
C*H,C —-0.419 a —0.655 -—-0.323 —-0.274 . .
CHzé*Ei 1422  a 0.555 1.143 0.977 304.18 eV. S_lncEexp— I_E,e|axapprC_JX|mates Koopmans’ energy
COH, 0.487 1.048 0.452 0.596 0.593 and the relative relaxation energies are accurately calculated, a
COR 1.408 2.327 0.881 1.606 151 graph of Koopmans’ energies against GAPT charges is expected
COCh 0435 1262 0431  1.363 1.24 to be almost identical to the one in Figure 5. In fact, the small
gé_CZHZC'Z %gﬁ% a1 101 _8-812 8-122 8;2; differences in the two graphs are not visually perceptible and
CO, 0.892 2137 0.731 1075 1073 Lor this reason the Koopmans’ energy graph is not presented
CS 0.040 —1.096 —0.036 0.668 0.688 ere.
ocCs 0.260 0.524 0.292 0.873 0.849 In contrast, the Mulliken, Bader, and CHELP carbon charges
HCN 0.401 0.799 0.188 —0.097 —0.041 do not present expected linear relationships as can be clearly
HCCH ~0.086 —0120 -0.221 -0.209 —0.198 seen in Figure 5. Whereas the correlation coefficient, for the
(N:ﬁCCN*N ggle 8';3433 gfg’zz g'olgs 8'01725 regression of the GAPT charges, is 0.9990, these values for the
CHzc*CH ~0419 -0159 0.051 —0043 —0.021 other charges are much further from the desired value of one
CHsCC*H 0.184 ~0.139 -0413 -0313 -0.321 (Mulliken 0.9778, CHELPG 0.8443, and Bader 0.9841).
CHsC*CCH; b b b b —0.124 The Mulliken charges for carbon are very similar to the GAPT

a Inherent Bader charges method problef@onvergence or disk ones for the fluoromethanes with more than one fluorine atom.
space prob|em§_Reference 2. FOI‘ Cl‘bFz, CHF3, and CE the Mul“ken a.nd GAPT Chal’ge

values are in agreement within @.20ne could expect that the
Mulliken charges would be more accurate for highly polar

Experimental mean dipole moment derivative values are also molecules since charge attributions to individual atoms of bonds
included in this table for comparison with the theoretical GAPT are more easily assessed. Indeed the Mulliken carbon charges
charge values for carbon. These values have a root mean squardo satisfy eq 6 and obey a simple potential model for these
prediction error of 0.06& which is less than 3% of the total  fluoromethanes. On the other hand, the less polasdbid CHF
variation in the carbon experimental mean dipole moment molecules show calculated Mulliken and GAPT charge differ-
derivative values. As such, the MP2/6-31t&(3d,3p) wave  ences of more than (e1The Mulliken charges show much
functions appear to be accurately representing the carbon atomarger deviations from the simple potential model line. The
mean dipole moment derivatives in these molecules. For this Bader carbon charges for the fluoromethanes obey a simple
reason one can expect that the theoretical values for the GAPTpotential model but they are not in as good agreement with the
carbon charges will also satisfy the simple potential model experimental mean dipole moment derivatives as are the
corrected for relaxation energy as well as do the experimental Mulliken carbon charges. The carbon CHELPG charge values
mean dipole moment derivatives. for the fluoromethanes are very different from the Mulliken,

This is confirmed on inspection of Figure 5 where the Bader, and GAPT values. For example, the carbon CHELPG
experimental ionization energies corrected by neighboring atom charge in Ckis 0.724 whereas it is aboveeXor all the other
potentials calculated using MP2/6-311&(3d,3p) GAPT charges as well as for the experimental mean dipole moment
charges and by the HF/6-3 1G(d,p) relaxation energies in Table derivative.
1 are graphed against the calculated GAPT charges for sp  For the chloromethanes only the GAPT charges present a
hybridized carbon atoms. The corresponding points fall close linear relationship for the simple potential model plot of Figure
to the least-squares regression line shown in this figewg,— 5 in agreement with the linear one for the fluoromethanes. The
V — Erelax = 15.16)c,capt — 304.09, which is very similar to ~ CHELPG carbon charges for the chloromethanes do not result
the analogous equation given above for the experimental meanin a linear plot at all whereas the Bader carbon charges do
dipole moment derivatives. The slopes are almost the same,present an approximate linear behavior but with a much different
15.00 and 15.16 V, and the 304.09 intercept is close to the slope from the one found for the fluoromethanes. The Mulliken
algebraic sum of the CHexperimental ionization, electrostatic  carbon charge values for the chloromethanes are very difficult
neighboring atom potential and 6-31G(d,p) relaxation energies, to accept as reasonable since the carbon chargesi@IQEH,-
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Figure 6. Experimental carbon 1s electron ionization energies adjusted Figure 7. Experimental carbon 1s electron ionization energies adjusted
by neighboring atom electrostatic potentials and relaxation energies py neighboring atom electrostatic potentials and relaxation energies
graphed against GAPT, CHELPG, Bader, and Mulliken charges for graphed against GAPT, CHELPG, Bader, and Mulliken charges for sp
s hybridized carbon atoms. hybridized carbon atoms.

Cly, and CHC4 are —0.33%, —0.458, and —0.273 and
contrary to electronegativity arguments pointing to positive
carbon atomic charges.

The deviations of the Mulliken carbon atomic charges for
the fluorochloromethanes from the simple potential model line

in Figure 5 become more severe as chlorines are substituted? . : .
tions on our workstations. Their charge values are presented in

for fluorines and the molecules have less polar bonds. TheT ble 2 and lotted inst the adiusted ionizati }
CHELPG charges for these molecules are also very difficult to . aple 2 and are piotted against the adjusted 1onization energles

sccet snce e carbon chrge nCE s amost eroand 13 ©OU . ASSuming it e pter e e e o
value in CFC} is —0.16&, contrary to expectations from phy gies, '

L CHELPG, Mulliken, and Bader charges can be compared for
electronegativity arguments for each of these molecules. Analy- . .
. these molecules. The regression model for GAPT charges is
sis of the Bader charges for the fluorochloromethanes were

: ) very similar to the one discussed earlier for mean dipole moment
hampered since computational problems were encountered for

CRCl and CECl,. Even though a MP2/6-331+G(3d,3p) derivatives values, with slopes of 14.34 V for the GAPT charges

. and 14.58 V for the experimental mean dipole moment
Bader car_bo_n charge COUI_d be calcula’_[ed for QFq:Ishpws_a derivatives, respectively. The model for GAPT chargesthas
large deviation from the simple potential model line in Figure

= 0.9931 compared with 0.9932 for tpe values. The Mulliken,
3. Bader, and CHELPG charges have significantly smalledues,
Experimental 1s core ionization energies and infrared intensi- 9. 9389, 0.9741, and 0.9789, respectively. It is interesting to point
ties have been measured for relatively few molecules with sp gut that the Bader charges for the carbons of @8d CQ
hybridized carbon atoms. For this reason onhCB, RCO, occupy the extreme positions in the graph in Figure 7.
Cl,CO, GHy, 1,1-GHoP, andcis-CoH2Cl> could be treated in Previously, the slopes of tHe—V vs p, relations for the sh
our previous study and it is possible to make only a limited » ang sp hybridized carbon atoms have been shown to be
investigation of the simple potential model behavior. In Figure |inearly related to the inverses of their standard atomic fadii.
6 experimental ionization energies adjusted by their respective| arer, this relationship was shown to be extendable to Si and
potentials and relaxation energies are graphed against GAPT Ge s hybridized atom&.In those studies, data for CO, GO
CHELPG, Bader, and Mulliken charge values. The regression cos, and Cswere not used to calculate slopes since their data
model for the energy values on the GAPT charges has  points clearly deviate from the simple potential model if
0.9941 and slope and intercept values 16.14 V and 303.59 eV re|axation energy corrections are not made. Here their corrected
in close agreement with those obtained for the experim@atal  yalues are used to investigate the linear inverse radii dependence.
values, 16.39 V and 303.75 eV (after adjusting for the methane As shown in the last section, assuming that one potential model
values). The CHELPG charge values seem to obey a differentcan accurately describe all the sp hybridized carbon atom data,
potential model with a 17.40 V slope with= 0.9938. When 3 slope of 14.85 V is obtained. This value is less than the
Mulliken charges are used in the modelimgs only 0.9831. corresponding slope values obtained for thé apd sp data,
The model for Bader charges is not directly comparable with 1500 and 16.39 V, respectively, and does not support the inverse
the above ones since we were not successful in calculating thenradii dependence of the simple potential mokigarameter.
for 1,1-GH2F, andcis-C;H,Cly, as indicated in Table 2. For  On the other hand, treatment of all the relaxation energy
this reason there are only four points corresponding to Bader corrected sp hybridized carbon atom ionization data except for
charges in Figure 6 whereas the other charges each have sevetmose of CQ, COS, and Csresults in a slope value of 16.88
points in the graph. Inspection of Figure 6 clearly shows that Vv lending support to the inverse atomic radii dependence
the simple potential model is not sufficiently sensitive to permit interpretation of thek parameter in eq 6. It should be
deductions as to which charge quantity is superior for these sp remembered that the slope values can be quite sensitive to the
carbon containing molecules. Perhaps the inclusion of mére sp relaxation energy corrections and more accurate calculations
carbon containing molecules in the study would clarify the are necessary to provide a sounder basis for interpreting the
situation. However, our present efforts are limited to molecules parameter.

for which bothexperimental 1s ionization energies and infrared
intensities have been measured.

Of the molecules containing sp hybridized carbon atoms
included in our previous study all except gECCH; were
0successfully treated with MP2/6-31#G(3d,3p) wave func-
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Conclusion (11) Cioslowski, JJ. Am. Chem. Sod.989 111, 8333-8336.

5,35-41 . (12) King W. T. In Vibrational Intensities in Infrared and Raman
Several workers? have shown that the potential model Spectroscopy Studies in Physical and Theoretical Chemistry P@rson,

of eq 6 is useful for atomic charge analysis. Some of the earlier w. B., Zerbi, G., Eds.; Elsevier Scientific Publishing Co.: Amsterdam,

investigation&2>3738employed approximate semiempirical or 1984.

ab initio Hartree-Fock level calculated charges and were unable  (13) Mulliken, R. S.J. Chem. Physl955 23,1833-1840, 1841-1846.

to identify different models for the hybridized states of the (14) Mulliken, R. S.J. Chem. Physl962 36, 3428-3439.

carbon atoms. However, the graphs of the experimental ioniza- (15) Breneman, C. M.; Wiberg, K. B. Comput. Chen199Q 11,361~

tion energies and mean dipole moment derivatives clearly show373:

the existence of different models for the s?,smd sj§ carbon (16) Bader, R. W. F.Atoms in Molecules: A Quantum Theory;

: :Clarendon Press: Oxford, UK, 1990.

atoms. Although the above treatment only mentions experi-

mental errors in the ionization energies since conventional least- (17) Bader, R. F. WAcc. Chem. Re<.985 18, 9-15.

squares regression was used for model calculations, the errors, (18) Overend, J. Irinfrared Spectroscopy and Molecular Structure;

. . . avis, M., Ed.; Elsevier: Amsterdam, 1963.

in the mean dipole moment derivatives are commonly on the (19) Person, W. B.; Newton, J. H. Chem. Phys1974 61, 1040-

order of a few hundredths of an electfomince infrared 549 T T ks ’

|nten5|t|e§ are dlffICU|.t to measure Wlt.h gregt accurcl.is (20) Biarge, J. F.: Herranz, J.. Morcillo, An. R. Soc. Esp. Fis. Quim.

encouraging that the intensity values, including many that were 1961, A57,81—92.

measured 30 years ago are precise enough to clearly show the (21) wilson, E. B.; Decius, J. C.; Cross, P. Kolecular Vibrations;

existence of the separate models. Furthermore, as shown hereylcGraw-Hill: New York, 1955.

the quality of the least-squares fits of experimental mean dipole  (22) Newton, J. H.; Person, W. B. Chem. Phys1976 64, 3036~

moment derivatives is as good as those obtained from MP2/6-3049.

311++G(3d,3p) wave functions. The above results will hope- 5 (é3) RFFEShMM-/i-: (T:rr:JCkS, G. W-:JS%hleEe!ihH-TB-:AGillsPt- M. JOthOR,
: H H H . ., RODD, AL eeseman, J. R.; Kelth, |. A.; Petersson, G. A.]

fu.IIy snmu]ate infrared intensity .measurements for molecules Montgomery. J. A.: Raghavachari, K.: Al-Laham, M. A. Zakrzewski, V.

with heavier atoms than_ those in the molecules treated here.G ; ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Wong, M. W.;

Molecular orbital calculational efforts are less accurate for such Andres, J. L.; Repologle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.;

molecules and infrared intensities can provide valuable informa- Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.;

. . T . Gonzalez, C.; Pople, J. AGaussian 94 (Rdsion D.2); Gaussian, Inc.:

tion about the electron density distributions in these molecules. piyhyrgh, PA, 1995,

Th|s yvork proposes the use of the simple .potentlal mo.dell S  (24) Schmidt, M. W.; Baldridge, K. K.: Boatz, J. A; Elbert, S. T.;
a criterion for atomic charge quality. Certainly other criteria Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
are also important. The capabilities of reproducing electric Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.

: f A5 1993 95, 1347-1363.

moments, especially dipole moments?> are commonly used
to judge the quality of calculated charges. For example, the _ (25) Jolly, W. L.; Perry, W. BJ. Am. Chem. Sod973 95, 5442~
dipole moments calculated using CHELPG point charges for )
the fluoromethanes are much closer to the experimental values 5 onko. G. N . G Bl _ 5
than are those obtained by using Bader or GAPT point charges.Mo(I 7s)tr5<(:)telr59%; zéé\"ﬁ/so_rggoov’ M. G.; Elin, V. P.; Yumatov, V. D.
_Charges_ s_ahsfymg these criteria have_ been found to be important (28) Gelius, U.Phys. Scr1974 9, 133-147.
in describing intermolecular interactions. The GAPT charges, . .

. . . (29) Jolly, W. L.; Bomben, K. D.; Eyermann, C.At. Data Nucl. Data
on the other hand, should be useful for studying reactions which 15p1es1984 31 433-493.
predominantly depend on the electrostatic potentials of reactive  3g) ing, w. T.; Mast, G. BJ. Phys. Chem1976 80, 25212525,
Ce”tefrs in _mO'eﬁ”:jeS SUCE ag_ those_d'”vog"gg amsel 4 (8D Ferreira, M. M. CJ. Phys. Chem1990 94, 3220-3223,
transformations, hydrogen bonding, acid- and base-catalyze (32) Guadagnini, P. H.; Bruns, R. B. Am. Chem. Sod995 117,
reactions, and electrophilic substitutiois. 4144—-4150.
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