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Characteristic substituent-shift models for carbon mean dipole-moment derivatives are determined for the
halomethanes, fluorochloroethanes, and some other small molecules. These models are analogous to those
reported earlier for core ionization energies measured by X-ray photoelectron spectroscopy and are to be
expected since Siegbahn’s simple potential model relates these to mean dipole-moment derivatives obtained
from infrared spectral data. Linear models relating carbon 1s ionization energies and mean dipole-moment
derivatives to the number of fluorine, chlorine, bromine, and iodine atoms substituting hydrogen atoms in the
halomethanes are reported. The regression coefficients in these models are similar to the coefficients for the
fluorine and chlorine atoms found in linear models derived for the mean dipole-moment derivatives and
carbon 1s ionization energies of the fluorochloroethanes. The signs of the coefficients in the fluorochloroethane
model indicate that ther carbon becames more positive and thearbon more negative upon fluorine
substitution for hydrogen. Standard derivative values-06f52+ 0.05,—0.25+ 0.05,—0.18+ 0.03,—0.17

4 0.03, and—0.01+ 0.01 e are proposed for the fluorine, chlorine, bromine, iodine, and hydrogen atoms of
saturated fluorochlorohydrocarbons. Characteristic substituent shifts for Mulliken, CHELPG, and Bader charges
of the carbon atoms in these molecules are also investigated.

Introduction Potential models obtained from experimental ionization
energies and infrared spectral properties have been reported for

It has long been the goal of chemists to understand how .
electronic structures of molecules change upon substitution of.C (sP’ s, and sp), N (spand sp), Si, Ge, O, F, B, P, and Cl,

atoms or chemical groups. Relevant information is normally i.e., for all kinds of atoms existing in molecules for which both

obtained by measuring molecular properties such as energiesﬁ?{;gsﬁggf'ggegre%rg;fn:Sgls'ng;%dor'ln'zeorgs'tr':;’ngagferb?:sn
electric and magnetic moments, acidities, NMR shifts, and ' P 9

ionization energies for groups of similar molecules usually iﬂgmr}lz?nrggélEEQOgigta?Seg'gggxerz %arlt(;lél?é?i”bé %Zagélér\?e
differing by one or several substituents. Many experimental P P

observables provide information about changes in the overall agmisngn;[(jr?fr the 1s, 2s, 2p, 3s, 3p, and 3d electrons of the
molecular electronic structure. Others provide information about Sieabah '.t duced the simpl tential del f
electronic structures in specific regions of molecules, permitting _, >'€9Pann introduced the simpie potential mocdet for core

conclusions about whether they have an excess or deficiencyfelefiLor: rfn'iagion lenrirgr'nesnf;'r}?\/ iti(\)/ml(i/vpﬁllnt Cvr\'/alrﬂ?]sth-rhe
of electronic density compared with other parts of the molecule. act that mean dipole-moment derivatives work so we ese
models leads to the proposal that these derivatives can be

This information is expected to be related to molecular reactivity. . o . . - .
Core electron ionization energies measured by X-ray photo- identified with atomic charge‘;lndeed, their values obtained
directly from experimental infrared intensities adequately

electron spectroscopy and mean dipole-moment derivatives q ib red ch inch tit ith ch .
obtained from infrared spectral data are both characteristic of escribe expected changes In charge quantities with changes in
regions that can be identified with the individual atoms in electrpnegat|V|t|es of neighboring atoms, hybridization, and other
molecules. Furthermore, they have been shown to be réféted che_mlcal valer_1c_e parameters for small moIt_ecéIHnwever,

by a simple potential model, first proposed by Siegb&im, bes_lde§ containing contributions from atomic charges, mean
which the ionization energies are a function of atomic charges Qerlvatlves are also expected to have contributions from changes

and internuclear distances. In terms of mean dipole-moment'n thgse Sceharges and their polarizations dl_Jring molecylar
derivativesp, andp, of the nucleus being ionized, and other vibrations>® Furthermore, SamBend Lazzeretti and Zandsi

nuclei in the moleculef have showed that the atomic polar tensor, of which the mean
dipole-moment derivative is one-third of the trace, is simply

Dﬂ related to the nuclear electric shielding tensor. As such, the force
Eocoe= kP, + /Z — (1) exerted on an atom of a molecule placed in an external electric
Z\Ryp field is directly related to its atomic polar tensor. Also the

infrared intensities can be expressed in terms of atomic nuclear-
shielding tensors weighted by normal coordinate transformation
coefficients?
In the early seventies, several research groups showed that
the shifts in atomic core electron-binding energies can be
* Author to whom correspondence may be addressed. E-mail: bruns@ €XPressed as the sum of characteristic shifts of substituent atoms
igm.unicamp.br. or chemical groups bonded to the ionizing at¥m'> More than

whereE, corerepresents the ionization energy of a core electron
of the ath nucleusRys represents the distances betweendhe
andgp nuclei, andk is a constant characteristic of the atom and
its hybridization state.
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a dozen ionizing atoms and substituent groups were included Py, P, 9Py
in these studies. At about the same time, studies being made . W gu @ @) )
by our research group noted that mean dipole-moment deriva- 3 o 9 ¢ 9 o Pxy Py
tives, P, Obtained from infrared gas-phase fundamental intensi- p @ — ﬂ ﬂ ﬂ’ — p(u) pg) p§,“) (6)
ties of the %CY (X = F, CI; Y = O, S) molecules could be ) Xy Yy 07, 0 0
related by the equatiéh ap, p, ap,| \Px Pzy Pz
X, dy, 0z,

P,(C,CO) — P, (F,C0) = P, (CLCS) — P, (F,CS)  (2)
The mean dipole-moment derivative of atofypg, is simply
for three distinct cases: (I); = oz = Cl anda, = o4 = F; one-third the trace of this matfk
)y =0,=0andoaz=a4=S;and (3o =0 = 0z =
o4 = C. This result indicates that a model of characteristic group P, = 1/3(p§§) + (7
mean dipole-moment derivative shifts also holds for these
molecules. Furthermore, a matrix equation analogous to the one Molecular orbital calculations were performed using the
above was shown to hold for the atomic polar tensors of these Gaussian 9% and GAMESS-U% programs on IBM RISC 6000
moleculest” and a scalar one was also valid for the correspond- and DEC ALPHA workstations. Mean dipole-moment deriva-
ing infrared intensity sum® Infrared intensity sums of the  tives and Mulliken, Bader, and CHELPG charges were calcu-
halomethanes have also been shown to be related by an equatiorated at the Moller-Plesset 2 (MP2) level from wave functions
similar to eq 2'° obtained using a 6-3#1+G(3d,3p) basis set. All calculations
The simple potential model observed for core ionization were carried out at MP2 equilibrium geometries.
energies and mean dipole-moment derivatives, given by eq 1, The calculated derivatives are found to obey the translational
and the characteristic shifts observed for the core electron sum rul@!22

(c)

Py + pi2)

ionization energies indicate that relations of the kind ob-
served for the infrared parameters ofC¥ molecules and

expressed in eq 2 are more general. If so, characteristic group

shifts might be useful for calculating mean dipole-moment
derivatives and even atomic charges. In this work, these
relationships for characteristic substituent-shift models are
explored.

Calculations

Within the harmonic oscillaterlinear dipole-moment ap-
proximations, the measured fundamental infrared inten4ity,
is proportional to the square of the dipole-moment derivative
with respect to its associated normal coordin&le,

N[ 95\ 2
=) @
3c2\9Q
Na andc being Avogadro’s number and the velocity of light.
The dipole-moment derivatives can be transformed to atomic
Cartesian coordinates using the expres&iéh
P.=PoL 'UB+ P} (4)

wherePg is a 3x 3N — 6 matrix of dipole-moment derivatives
obtained from the measured infrared intensities lant] U, and
B are well-known transformation matrixes commonly used in
normal coordinate analyst8.The P,5 product provides the
rotational contributions to the polar tensor elements. As such,
the polar tensor elements containedHpare obtained using
the molecular geometry (tH& and matrixes), symmetry (the
U matrix), vibrational frequencies and atomic masses (the
normal coordinatd.~1 matrix), and permanent dipole-moment
values P, matrix), as well as the experimentally measured
intensities.

The molecular polar tensd®y, is a juxtaposition of the atomic
polar tensors (APTS)

P, = (PP, piy (5)
with N being the number of atoms in the molecule. Each APT
contains the derivatives of the molecular dipole moment with
respect to atomic Cartesian coordinates

(8)

SPY=0

o

The MP2/6-31%#+G(3d,3p) mean dipole-moment derivatives
have been found to agree with their corresponding experimental
values within about-0.055 e for a large group of molecules.

Results

Experimental 1s ionization energfésand carbon mean
dipole-moment derivativé€82° determined from infrared in-
tensities are presented in Table 1 for the fluorochloromethanes
and a variety of other molecules including some with sp- and
sp>-hybridized carbon atoms. These values were used to
calculate carbon core electron ionization energies and mean
dipole-moment derivatives of selected molecules using equations
analogous to eq 2. The results are given in Table 2. Each line
in this table identifies two or three molecules used to calculate
the carbon core electron ionization energy and mean dipole-
moment derivative of a test molecule. Comparison of these
calculated values with those determined experimentally provides
a measure of the quality of fit of characteristic substituent-shift
models (CSSM). Since a natural tendency is to use smaller
molecules to calculate properties of larger ones, the molecule
with the largest number of electrons in each line of Table 2
was selected as the test molecule.

The first line in the table contains the,®Y molecules
mentioned previously in this pap&.The calculated carbon
mean dipole-moment derivatives for,CIS, 0.89 e, is in exact
agreement with the experimental value. Unfortunately, carbon
1s ionization energies for,ES and CICS were not found in
the literature so the analogous calculation could not be done
for the CLCS carbon 1s electron binding energy.

For all other test molecules in Table 2, both 1s ionization
energies and mean dipole-moment derivatives can be calculated
from the experimental values of the calibration molecules. The
overall agreement between calculated and experimental values
can be seen in Figures 1 and 2 for both the ionization energies
and mean dipole-moment derivatives. The points on the graphs
are close to the diagonal lines representing exact agreement.
The root-mean-square (rms) erfor (Xeaic — Xexp) 2N} 2, where
n = 32 (h = 31 for ionization energy calculations) represents
the number of squared terms, has values of 0.31 eV for the
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TABLE 1: Experimental Carbon 1s lonization Energies and TABLE 2: Values of 1s Carbon lonization Energies and
Mean Dipole-Moment Derivatives Carbon Mean Dipole-Moment Derivatives from

lecul E v - Experimental Measurements and Calculated from the
molecules cis(eV) Pc (€) Characteristic Substituent-Shift Model
CH 290.86 0.016 — - -
CH:F 593.60 0.541 test calibration ESRY EXS, p>M pR?
CHyF> 206.40 1.014 molecule molecules eVv) (eV) (e) (e)
CHR 299.17 1.523 Cl,CS CLCO, RCS, RCO 0.89 0.89
CF, 301.88 2.049 CCl, CFCk, CH.Cl, CHsF  296.38 296.34 1.10 1.04
CHClI 292.44 0.277 ccCl CHCL, CHCI, CH,  296.68 296.34 1.09 1.04
CH.Cl, 293.95 0.527 ccly CH,Clz, CHs 297.04 296.34 1.04 1.04
CHCl3 295.10 0.827 CCl, CFCl, CHCL, CHF;  296.24 296.34 1.21 1.04
ccly 296.34 1.043 ccly CECly, CHyFo, CH,Cl, 296.48 296.34 1.15 1.04
CRClI 300.31 1.907 ccl, CFCk, CRCl, 296.15 296.34 1.10 1.04
CRCl; 298.93 1.636 CCly CFRCl,, CR, 295.98 296.34 122 1.04
CFCk 297.54 1.367 ccl, CFCk, CRCI, CF 295.97 296.34 123 1.04
CS 293.10 0.688 CFChk CHCls, CHyF», CHsF 297.90 297.54 1.30 1.37
OoCs 295.20 0.849 CFCh CHCl, CFy, CHF: 297.81 29754 1.35 1.37
CO, 297.66 1.073 CFCk CHCls, CHsF, CH, 297.84 29754 1.35 1.37
CH;C*CH 291.07 —0.074 CFCk CHCl, CHFs, CH:F,  297.87 297.54 1.34 1.37
CH:C*N 292.82 0.066 CECl,  CFi CH.Clo, CH,F,  299.43 298.93 156 1.64
CaFe 299.85 1.328 CRCl,  CFRCl, CHCIl, CH:F  299.15 298.93 1.64 1.64
HCN 293.5 —0.041 CFCl CHFs, CH,Clp, CHsCl  300.68 300.31 1.77 1.91
CH, 291.17 —0.201 CRCl CFs, CHsCl, CHgF 300.72 300.31 179 191
FCO 299.64 1514 CRCl CHFs, CHCI, CH, 300.75 300.31 178 1.91
Cl.CO 296.75 1.243 CFCI CHFs, CHChL, CH,Cl,  300.32 300.31 1.82 1.91
F.CS 1.156 CF, CHFs, CHsF, CH; 301.91 301.88 2.05 2.05
Cl.CS 0.892 CF CHaF2, CHy 301.94 301.88 2.01 2.05
CHsl 291.43 0.134 CH:,Cl,  CHsCl, CHs 294.02 293.95 054 0.53
CHsBr 291.96 0.210 CH,F,  CHsF, CH, 296.34 296.40 1.07 1.01
CHl 299.00 1.765 CH,C'CH CHCN, HCN, GH,  290.49 291.07 —0.09 —0.07
CRsBr 299.33 1.722 CFRil CHl, CFsH, CH, 299.74 299.00 1.64 177
CoHa 290.79 —0.055 CFl CHal, CFs, CHaF 209.71 299.00 1.64 1.7
EZ%SHZ 22%%}3 %‘%373 CFl CHil, CRCl, CHCl  299.30 299.00 1.76 1.77
P o 5o a3 Cooa CRBr  CHsBr, CRH, CH, 300.27 299.33 1.72 1.2
e 59070 5083 CFBr  CH4Br, CFy, CHsF 300.24 299.33 1.72 1.72
o 503 62 : CRBr  CHsBr,CRCI, CHCl 299.83 299.33 1.84 1.72

2 2 : CS 0CS, CQ 292.74 293.10 0.63 0.69
CoFs 296.54

F.C*CH,  CaHa, H2CO, RCO 295.96 296.10 0.87 0.98

2 Carbon 1s ionization energies taken from ref 27. Carbon mean 2 Experimental values from Table 1

dipole derivatives taken from ref 5 unless indicated otherwigef-

rence 28°¢ Reference 29. . L .
erence 287 Reference 29 as extensively as those for ionization energies for lack of

ionization energies and 0.09for the mean derivatives. The  experimental intensity data. However, this concept might be
0.31 eV error can be compared with expected experimental useful in predicting mean dipole-moment derivatives for mol-
errors of about 0.1 eV in the ionization energy values and 0.17 ecules for which intensity data are lacking. Table 3 contains
eV in propagated error estimated for the calculated energy several examples illustrating this for molecules whose experi-
values. It represents about 4% of the 8-eV range in the mental carbon 1s ionization energies do adhere well to CSSMs,
experimental ionization energy values of the test molecules in Cl,CCH,, C,F4, CH3CCls, CH;CFs, and CHCH.F. In all cases,
Table 2. The 0.09 e rms error for the mean derivatives can be experimental ionization energies and mean dipole-moment
compared with an average error of about 0.05 e found for derivatives of the calibration molecules were used to calculate
experimental dipole-moment derivatives. values of the test molecules. The predicted ionization energies
Besides containing data for Spybridized carbon atoms of  have a rms error 0£0.35 e for the test molecules in Table 3.
the halomethanes, Table 2 contains one set of molecules withSince the experimentglc values have not been determined,
sp? and two sets with sp hybrid orbitalssgonization energy the CSSM estimates for the mean dipole-moment derivatives
and carbon mean dipole-moment derivative estimates of 295.96are compared with molecular orbital results calculated using a
eV and 0.87 e for 1,1-difluoroethylene are obtained from data 6-3114+G(3d,3p) basis set at the MP2 level. The rms error
for the GH4, H2CO, and RCO molecules. These results are in  for these results is 0.09 e. Considering that quantum chemical
good agreement with the experimental values, 296.10 eV andcalculations at this level provide mean dipole-moment estimates
0.98 e. Carbon 1s ionization energy and mean derivative within about+0.05 e of the experimental valugtje agreement
estimates of 292.74 eV and 0.63 e for.GB8e obtained from  between the CSSM estimates and the quantum ones is quite
the corresponding values of the g&nd OCS molecules. These good. Note that both these error values are similar to those
values are close to the experimental values of 293.10 eV andobtained for the results of Table 20.31 eV and+0.09 e.
0.69 e for C3. The 1s ionization energy and mean dipole- . )
moment derivative of the acetylenic carbon attached to the Discussion
methyl group of the methylacetylene molecule can be calculated ~Characteristic atom or group substituent shifts for carbon 1s
from methyl cyanide, hydrogen cyanide, and acetylene data.ionization energies can be expressed by the equation
The characteristic substituent-shift estimates of 290.49 eV and
—0.09 e are in good agreement with the 291.07 eV afd7 Ec1dX.CAy) — Ec1{X,CBy) = Ec 1{Y,CA,) —
e experimental values. Ec1{Y.CB,) (9)
Unfortunately, the existence of characteristic substituent shifts
for carbon mean dipole-moment derivatives cannot be testedwhere the result is the exchangerofA substituent atoms or



Characteristic Substituent-Shift Models J. Phys. Chem. A, Vol. 108, No. 5, 200869

I T I T T T I ' I

302 — |[— Exact agreement —
>
[5) L 4
> °
20
2 300 -
(5]
k 3
g - 4
g
2 208 - o -
E o
E
Q
T 296 —
I}
g
< I 4
@)

294 — —

l ! I L | ! l ! |
294 296 298 300 302

Experimental carbon 1s ionization energy / eV
Figure 1. Graph of the experimental carbon 1s ionization energies against values obtained using a characteristic shift model.
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Figure 2. Graph of the experimental carbon mean dipole-moment derivatives against values obtained using a characteristic shift model.

TABLE 3: Values of 1s Carbon lonization Energies and and Y, on the right. Of course, the equation can be rearranged

Carbon Mean Dipole-Moment Derivatives Calculated from to focus on the exchange of the, Xnd Y, substituents.

the Characteristic Substituent-Shift ModeF Each of the 1s ionization energies can be expressed by the
test calibration ESSM EZD, p>M pi© Siegbahn potential model. If the substitution of A for B provokes

molecule molecules (ev) (ev) () (o) only modest changes in the various XC and YC bond lengths

Cl,C*CH, Cl,CO, GHa, H.CO 293.07 29362 0.60 0.67 as well as in the X and Y mean dipole-moment derivatives,

Cl,C*CH, Cl.CO, RC'CHp, F,CO 29321 29362 0.71 0.67  one can derive an analogous relation for the carbon mean dipole-

gﬂ?c*a (F:Zﬁc*gﬁiglicéﬁz CoHa ggi-gj ggg-gg g-;? 8-gé moment derivatives on substituting Siegbahn model equations

CHzC*F: czH: CHE, CHy 505,01 20864 157 160 for each of the ionization energies in eq 9

CHOE CitClinClbF 20340 20330 084 061 PCXiCAR) = Pe(X,CBr) = Pe(Y,CAR) — PclY,CBy)

(10)

This shows that if the CSSM holds for the carbon core
groups byn B substituents. The rest of the substituent atoms or ionization energies it can be expected to hold for carbon mean
groups is represented by, ¥n the left-hand side of the equation  dipole-moment derivatives as well. The above assumptions, of

a Experimental values from ref 27.
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TABLE 4: Experimental CH, CF, and CCIl Bond Lengths included in the regression owing to lack of experimental data,
(A) and Hydrogen, Fluorine, and Chlorine Mean the standard errors of the bromine and iodine regression
Dipole-Moment Derivatives (€) coefficients, 0.034 e, are considerably larger than those for
Pc Pc fluorine and chlorine, 0.008 and 0.010 e, respectively. However,
molecules res® rcf rect P’ P P’ (expp (eq1l) atomic charge models do not provide a complete physical
CHq 1.087 —0.004 0.016—0.002 understanding of why eq 11 works so well since mean dipole-
CHsF  1.095 1.382 —0.017 —0.490 0.541  0.520 moment derivatives contain contributions from charge fluxes
CHF,  1.093 1.357 —0.018 —0.488 1.0141.043  and electronic polarization changes besides the static equilibrium
CHF;  1.098 1.332 0.004 —0.506 1.523  1.566 charge
CFy 1.323 —0.512 2.049 2.088 o , o
CHsCl  1.090 1.785—0.002 —0.271 0277 0.272 Lazzeretti has shown that nuclear electric shielding tensors,
CHCl, 1.087 1.765—0.015 —0.248 0.527 0.547 polarizabilities, and susceptibilities can be partitioned into atomic
CHCl;  1.100 1.758—-0.022 —0.267 0827 0821  terms32 This partitioning was accomplished using force and
CCly 1767 —0.261 1.043  1.095  torque Hamiltonians that contaifi ¢ R)~3 factors wherd@ and
SEZCCk; 1.362 1.754 :g'ggg :g'ggg i'ggg iggg R are vectors locating electron density and atomic nuclei. For
CFCl 1.325 1.752 0590 -0.139 1.907 1840 this reason, the electronic environment close to the nucleus is
average —0.0105 —0.522 —0.245 important in determining these tensors and could imply transfer-
stand dev 0.0098 0.045 0.047 ability of atomic terms from molecule to molecule in a series
aTaken from ref 30P Taken from ref 5. of structurally and chemically related homologues. Lazzeretti

and Zanas? have also shown that the nuclear electric shielding

course, are not exact. The accuracy of calculations using the@nd polar tensors are closely connecteds such, it is not
above equation should be approximately as good as that forSUrPrising th_at_eq 11 relgtes the trace of the cfarbon polar tensor
the use of standard bond lengths to represent real interatomicl® characteristic mean dipole-moment derivatives of the hydro-
distances in molecules. This implies that the concept of standard9en and halogen atoms of the halomethanes.

mean dipole-moment derivatives might be a useful one for Indeed,_thl_s idea res_,ults in a_better understan(_jlng of Why core
terminal atoms. Indeed, for simple molecules such as the lectron binding energies are highly correlated with mean dipole-
fluorochloromethanes, this is approximately correct. In Table moment denvanvgs. Electronlc dgn.sny distributions closgto the
4, experimental values of CH, CF, and CCl bond len¥tase nucleus are prominent in determlnlng_ both these quantities. Of
given along with the corresponding experimental mean dipole- COUrse, relaxatlc_m effects also contrlbL_lte to the experimental
moment derivatives. Just as standard bond lengths are usefulonization energies but they are approximately constant for the
approximations for all these molecules so are standard meani@lomethanes. In fact, Siegbahn’s simple potential was derived
dipole-moment derivatives. Spectroscopists have already im- for Koopmans' energies. They appear to be more correlated with
plicitly used standard mean dipole-moment derivatives by Mean dipole-moment derivatives than do the experimental
assuming polar tensors to be transferable from one molecule tolONization energies, as might be suspected.

another in their attempts to predict infrared intensitle®f As such, a regression equation analogous to eq 11 holds for
course standard derivatives are not possible for central carbonth® carbon 1s experimental ionization energies of the halo-
atoms since the sum of the mean dipole-moment derivatives in Methanes

a neutral molecule must be zero.

If standard mean dipole-moment derivatives for fluorine, Ecis
chlorine, bromine, iodine, and hydrogen accurately represent
the mean derivatives in the halomethanes, regression of the This equation predicts a 291.16 eV 1s ionization energy for
carbon mean dipole-moment derivatives on the number of eachthe carbon atom in methane compared with the 290.86 eV
of these atoms in the halomethanes should result in a highly experimental value and implies that halogen substitution has
significant linear model. The carbon mean derivative values additive effects on the carbon 1s core electron binding energies.
predicted by the equation should be close to the negative of theEach fluorine substitution for hydrogen raises the carbon 1s
sum of the mean derivatives of the terminal atoms. Regressionelectron ionization energy by 2.62 eV whereas as chlorine
of these values for the molecules given in Table 4 results in a substitution raises it by about half that amount, 1.30 eV.
linear model These arguments can be extended to the fluorochloroethanes.

Table 5 contains experimental values of carbon 1s ionization

Pc = —0.002+ 0.523 + 0.275, + 0.184,, + 0.168, (11) energies found in the literature for fluoroethanes and chloro-
ethanes. Carbon mean dipole-moment derivatives determined
from experimental intensities are known for only ethane, 0.063
e, and hexafluoroethane, 1.328 e. For this reason, derivatives
calculated from MP2/6-31t+G(3d,3p) wave functions are used

= 291.16+ 2.6 + 1.30, + 0.5, + 0.1, (12)

with an excellent regression coefficien) (of 0.9987 and a
highly significantF ratio value of 1050. Carbon mean dipole-
moment derivative values predicted by this equation are in
excellent agreement with the experimental values as can be seelt, model the fluor_o-, _chloro-, and fluorochloroethane mean
in Table 4. The regression coefficients represent the substituent.diPole-moment derivative data. _

shift values for the carbon mean dipole-moment derivatives on  Régression of the carbon 1s ionization energies on the number
substituting the different atoms for hydrogen. For example, by ©f fluorine and chlorine atoms bonded to the ionizing carbon,
interpretation of the mean derivatives as atomic charges, each™ @ndncr, and its neighboring carbonr andnc;, gives

fluorine atom when substituted for a hydrogen withdraws about

0.52 e from the carbon atom whereas chlorine takes up aboutEc 1s= 290.80+ 2.6 + 1.4N¢;. + 0.41n: + 0.2 (13)

half this charge, 0.28. These values are opposite in sign but

close in magnitude to the average dipole-moment derivatives A regression correlation coefficient= 0.9995, and 2472.7

in Table 4 for fluorine and chlorine;-0.52 and—0.25 e as F value indicate that the linear model is quite precise. This can
expected. Since few molecules containing Br and | were be appreciated by comparing the ionization energies predicted
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TABLE 5: Experimental Carbon 1s lonization Energies and An analogous regression of the theoretical mean dipole-

Carbon Mean Dipole-Moment Derivatives Calculated from moment derivatives of Table 5 results in the equation

MP2/6-311++G(3d,3p) Wavefunctions and Corresponding

Values from eqs 13 and 14 Pc = 0.066+ 0.5181. + 0.2881¢ — 0.04% — 0.0501, (14)
Ecfev) ECRMeV) () (e

In this equationpc refers to the carbon atom for whicta-

CH3CH;3 290.70 290.80 0.079 0.066 . . .
C*HsCH,F 291.19 20121  —0.001 0.017 fluorine atoms andcy+ chlorine atoms substitute hydrogen atoms
CHsC*H.F 203.39 203.41 0.605 0.584 and ng fluorine atoms andng; chlorine atoms substitute
C*H3CHR, 291.62 291.62 —0.060 —0.032 hydrogens on its neighboring carbon atom. The coefficients for
CHsC*HF» 296.05 296.02 1.120 1.102 the fluorine terms are the same, after roundoff, as those found
C*HsCR 292.07 29203  —0.079 ~ —0.081 by Illinger and co-workerd* +0.52 and—0.05 forng andng,
2:35(:':3 298.64 298.63 1.603 1.620 respectively (see their eq 13), for MP2/6-31G(d,p) results on
LFCHF 293.82 0.527 0.535 - - L
C*H.FCHE 204.23 0.474 0.486 only the fluoroethanes. This model indicates that substitution
CH,FC*HF, 206.43 1.050 1.053 of hydrogen by fluorine raises the mean dipole-moment deriva-
C*H.FCR 294.64 0.457 0.437 tive on the substituted carbon atom By0.52 e. Chlorine
CHoFC*Fs 299.04 1.539 1571 substitution has a smaller effect, as expected, owing to its smaller
CHRCHF 296.84 1.005 1.004 electronegativity relative to fluorine raising the carbon atom
C*HF.CF; 297.25 0.991 0.955
CHR,C*F. 209.45 1.496 1522 charge by about half that amounit0.29 e. Th_ese values are
CRCF; 299.85 299.86 1.489 1.473 almost exactly the same as those found in eq 11 for the
C*H3CH,ClI 291.1 291.07 0.012 0.016 halomethanes. The model also predicts that fluorine and chlorine
CH3C*H,ClI 292.1 292.22 0.360 0.354 substitution lowers the mean dipole derivative on the carbon
C*H3CHCl, 291.5 29134 —0.044  —0.034 atom neighboring the substituted carbon. This alternating charge
CH;C*HCl, 293.8 293.64 0.658 0.642 behavior
C*H3CCl; 291.5 291.61 —0.093 —0.084
CHsC*Cl3 295.0 295.06 0.959 0.930 e St O8— S5+
CH,CICH,CI 292.49 0318  0.304 F-Cc -Cc" -C" -
C*H,CICHC, 292.76 0.251 0.254 . . .
CH,CIC*HCI, 203.91 0.597 0.592 is supported by other evidence from experimental data and
C*H,CICCl 203.03 0.196 0.204 theoretical result® Most convincing, perhaps, is that the
CH,CIC*Cl3 295.33 0.888 0.880 CHsCF; experimental dipole moment of 2.347 D is much larger
CHCLCHCI, 294.18 0.543 0.542 than the HCEvalue, 1.651 3¢ Alternating charge behavior is
g;"'c':fg%? ggg'gg 8'322 8'323 expected. to produce reinforcir]g di_poles .in3+|€_C+F3_,
CClgéclg 8 205 87 0.780 0.780 whereas it would result in opposing dipoles in€f'F;~ and a
CH,FC*CI,F 206.66 1.116 1.111 smaller dipole moment. The 6-3t#G(3d,3p) dipole moments
C*H FCChLF 294.36 0.445 0.435 of 2.372 and 1.678 D for C#€F; and HCE are in almost exact
C*HFCHCl 293.95 0.494 0.484 agreement with the experimental values. These relative dipole-
CH,FC*HCI; 294.05 0.567 0.593 moment values and negative regression coefficients in eq 14
CHFCCls 29547 0.873 0.881 are not expected if fluorine substitution causes an inductive
C*H,FCCk 294.22 0.426 0.434 . . . I . .
C*H.FCCIR, 297.85 1.345 1.341 effect with positive charges steadily diminishing with distance
CH,FC*CIF, 294.50 0.470 0.436 from the fluorine substituent
CH,FC*HCIF 295.24 0.814 0.823
C*H,FCHCIF 294.09 0.505 0.485 o — OO — ¢ — 0t —
C*H,FCH.CI 293.68 0.570 0.534
CH,FC*H.CI 292.63 0.267 0.305 Unfortunately, experimental mean dipole-moment derivative

data, except for @ and GFg, have not been measured for
by this equation in the third column of Table 5 with the the fluorochloroethanes, and regression models can only be
experimental values in the second column. The differences aredetermined for theoretical results at this time. Moreover, carbon
well within the 0.1 eV estimated experimental error for these 1s ionization energies are not available for the mixed fluoro-
energies. Furthermore, the constant regression value of 290.8cchloroethanes that would permit evaluation of possible quadratic
eV is in excellent agreement with the experimental carbon 1s models that might prove to be more precise than the linear model
ionization for ethane, 290.70 eV. The regression coefficients of €q 13. ) o .
indicate that substitution of hydrogen by fluorine on the carbon ~ Jolly'® was able to improve the precision of his group
atom being ionized raises its 1s ionization energy by 2.61 eV, Substituent models by adding a small cross term to account for
essentially the same value as obtained in the halomethanes. Foponlinearities caused by polarizable chlorine atoms bonded to
the Cl atom, thet-1.42 coefficient in eq 13 is close to thel.30 high positively charged carbon. atoms. One wogld therefqre
value in eq 12. These coefficients for fluorine and chlorine suspect thatte-ncy- Cross terms might be important in quadratic
substitutions are close to the characteristic group parametermOdeIS for carbo_n Ls core ionization energies and pOSS'bIY also
. : for those predicting carbon mean dipole-moment derivatives.
estimated by Jolly? 2.75 and 1.54 eV, respectively. A ) ! e
- ] ) The variation in the chlorine mean dipole-moment derivatives
The carbon 1s ionization shifts caused by fluorine and of the fluorochloromethanes compared with the relatively
chlorine substitutions on a neighboring carbon atom are given constant values of these derivatives in the chloromethanes as
by the 0.41 and 0.27 eV regression coefficients in eq 13. Theseshown in Table 4 indicates that this cross term may be
values are 16 and 19%, respectively, of the coefficients significant for improving the linear model.
representing shifts for substitution directly on the ionizing atom.  Quadratic models can be determined for the experimental
Group shifts for core ionization energies on neighboring atoms mean dipole-moment derivatives and the carbon 1s ionization
have been found to be about-185% of the values found for  energies of the substituted methanes. Only data for the fluoro-
the substituted atonis. methanes, chloromethanes, and fluorochloromethanes are in-
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TABLE 6: Mulliken, CHELPG, and Bader Charges and Mean Dipole-Moment Derivatives Calculated from MP2/
6-311++G(3d,3p) Wavefunctions and Their CSSM Estimates (e)

molecule T Qo O5eLre USherpe Qhter Ooer pee p
Cl,CSs 0.220 —0.097 0.109 —0.055 0.422 1.016 1.097
CCly 1.278 —0.353 —0.404 —0.501 0.395 0.443 1.194 1.166
CCly 1.278 —-0.361 —0.404 —0.460 0.395 0.440 1.194 1.167
CCly 1.278 —-0.671 —0.404 0.038 0.395 0.455 1.194 1.161
CCly 1.278 —0.368 —0.404 —0.491 0.395 1.194 1.170
CCly 1.278 —0.689 —0.404 —0.5632 0.395 1.194 1.156
CCly 1.278 0.069 —0.404 —0.350 0.395 1.194 1.216
CCly 1.278 —0.517 —0.404 —0.696 0.395 1.194 1.292
CCly 1.278 —0.251 —0.404 —0.587 0.395 1.194 1.261
CFCk 0.428 0.297 —0.168 —0.026 0.896 0.917 1.441 1.433
CFCk 0.428 0.311 —0.168 —0.072 0.896 1.002 1.441 1.350
CFCk 0.428 0.420 —0.168 0.287 0.896 0.893 1.441 1.442
CFCk 0.428 0.216 —0.168 —0.073 0.896 0.958 1.441 1.384
CFECl, 0.787 0.615 0.014 0.178 1.558 1.666 1.530
CF.Cl, 0.787 0.631 0.014 —0.028 1.666 1.585
CRCI 1.412 1.382 0.305 0.557 1.926 1.860 1.888
CRsCI 1.412 1.310 0.305 0.391 2.058 1.860 1.765
CRCI 1.412 1.419 0.305 0.750 1.949 1.860 1.857
CRCI 1.412 1.692 0.305 0.473 1.911 1.860 1.894
CK 2.091 2.200 0.724 1.083 2.511 2.402 2.040 2.132
Cky 2.091 2.281 0.724 1.130 2.511 2.361 2.040 2.181
CH.CI, —0.458 —-0.421 -0.171 0.022 0.268 0.291 0.578 0.547
CHzF; 1.018 1.141 0.375 0.688 1.221 1.197 1.088 1.097
CHs;C'CH —0.419 —-0.175 0.051 —0.007 —0.159 -0.171 —0.043 —0.087
CRsBr 1.275 1.352 1.813 1.803 1.824 1.788
CR:Br 1.275 1.243 1.813 1.912 1.824 1.696
CRBr 1.275 1.345 1.813 - 1.824 1.791
CS 0.040 -0.372 —0.036 —0.147 —1.096 —1.089 0.668 0.671
F,C*CH, 1.422 0.877 0.555 0.178 1.288 1.143 0.941
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Figure 3. Graph of the MP2/6-31t+G(3d,3p) charges and mean dipole-moment derivatives against values obtained using a characteristic shift

model.

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

cluded in the modeling. These models, including only statisti- fluorochloromethanes and fluorochloroethanes, however, do not

cally significant terms, are

Pc = 0.020+ 0.494 + 0.266, + 0.026.n;, (15)

and

Ec 1= 290.805+ 2.78 + 1.67g, — 0.13n, — 0.08°
(16)

contain significantngng terms. It is unfortunate that more
experimental data for substituted methanes containing both
fluorine and chlorine atoms are not available, especially infrared
intensities, for investigating whether this cross term contribution
is a real effect or not.

On the other hand, either linear or quadratic models deter-
mined from either experimental ionization energy or theoretical
mean derivative data for the fluorochloroethanes predict linear

Thengng cross terms are both significant well above the 95% terms with coefficients very similar in values to those of eqs
confidence level. Models for the theoretical results of both the 13 and 14. Fluorine and chlorine substitution for hydrogen
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substantially increases the mean dipole-moment derivatives on_ (4) Siegbahn, K.; Nordling, C.; Johansson, G.; Hedman, J.; Heden, P.

; it ali ; iva F-; Hamrin, K.; Gelius, U.; Bergmark, T.; Werme, L. O.; Manne, R.; Baer,
the substituted carbon whereas it slightly decreases this deriva v ESCA Applied to Fres MolecuteNorth-Holland: Amsterdam, 1969,

tive for the neighborin.g atoms. However, this .sign inversion (5) de Oliveira, A. E.; Haiduke, R. L. A.; Bruns, R. E. Phys. Chem.
for substituted and neighboring carbon atoms is not observedA 200Q 104, 5320-5327.
for the 1s ionization energies, modeled by eq 13, since, besides  (6) Cioslowski, J.J. Am. Chem. Sod.989 111, 8333-8336.

: - P (7) Sambe, HJ. Chem. Phys1973 58, 4779-4782.
depending on relaxation effects for the ionizing process, they (8) Lazzeretti, P.: Zanasi, R. Chem. Phys1985 83, 1218-1222.

depend on the electrostatic potential, owing to both the charge azzeretti, P.: Zanasi, RChem. Phys. Lettl984 112, 103-105.
of the ionizing atom and the charges of the neighboring atoms ~ (9) Fowler, P. W.; Buckingham, A. DChem. Phys1985 98, 167—
178

as given by the simple potential model of eq 1. :
9 y piep q (10) Gelius, U.; Heder, P. F.; Hedman, J.; Lindberg, B. J.; Manne, R.;

. . Norberg, R.; Nordling, C.; Siegbahn, IRhys. Scr197Q 2, 70.
Shift Models for Calculated Atomic Charges (11)gjo||y, W. L_J_gAm_ chgm_ 50(197}6 92, 3260.

. . (12) Lindberg, B. J.; Hedman, €him. Scr.1975 7, 155.
Table 6 contains the results of applying the CSSM to three (13) Gray, R. C.; Carver, J. C.; Hercules, D. M Electron Spectrosc.

widely used atomic charge quantities, the Mulliké&&r#8 Relat. Phenom1976 8, 343.
CHELPG?° and Badet®4! charges, calculated at the MP2/6- (14) Hedman, J.; Klasson, M.; Lindberg, B. J.; Nordling, J. CEllectron

f _ i ot _ SpectroscopyShyrley, D. A., Ed.; North-Holland: Amsterdam, 1972.
311++G(3d,3p) level. Mean dipole-moment derivatives cal (15) Jolly. W. L.J. Phys. Cheml986 90, 6790.

culated at this same level are also included in Table 6. The (16) Bruns, R. EJ. Phys. Chem1976 64, 3084.
calibration molecules used in the CSSM estimates are the same (17) Bassi, A. B. M. S.; Bruns, R. B. Phys. Chem1975 62, 3235.

as the ones in Table 2. The agreement between the MO vaIuesSS(gi)lS’\ff;flt?g F., H. P.; Bruns, R. ESpectrochim. Acta, Part 4997,
and those obtained from the CSSM can be seen in Figure 3 ‘(19) Person. W. B.: Rudsys, S. K.: Newton, J.HPhys. Chem975

where these quantities are plotted against one another for therg 2525,

charges and theoretical mean dipole-moment derivatives. TheD (20) N?V?Ergm:z'll I_nnfriredtsgectrOfgggy and Molecular Structure
calculated derivatives and their CSSM estimates are in agree- aEIZIi’) Person. Vi_e‘gfr-Nemgr‘ir fr:ﬂ'__ Chem. Phys1974 61, 1040-
ment with about the same accuracy as observed for their a9
corresponding experimental values graphed in Figure 2. Allthe  (22) Biarge, J. F.; Herranz, J.; Morcillo, An. R. Soc. Esp. Fis. Quim.
Bader charges are also close to the line representing exactl961 A57 81-92.

agreement. Unfortunately, we were not successful calculating Mc(é‘:’;wmlﬁfn,;lsw%érieigsséJ' C.; Cross, P. olecular Vibrations

Bader charges for GEl, and CRCI. The CSSM estimates of (24) Newton, J. H.; Person, W. B. Chem. Phys1976 64, 3036-
the CHELPG carbon charges, in general, show more scatter3049.

i (25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
gbout thde ixac’;]rezuétﬂllir_}_e(;hgzznsdo tgas&gg CEarges. I Srl,]]ou'dJohnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
e noted that the 6- (3d.3p) charges on the A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

carbon atoms of Cgland CFC} are negative, contrary to V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
chemical intuition and opposite in sign to the results for the D‘VanayaMkk?,\r,a’:';dChaIBacfmge’ IM';l P%ngéC-GY-? Aye;la,RP. ,\\(A (tl,heg, \IiV

. _ . . ong, M. ., Anares, J. L.; rReplogle, E. o5.; Gomperts, R.; Martin, R. L.;
Bad_er charges and_ the mean dlpol_e _mom_ent de_rlvatlves. TheFOX, D. J.; Binkley, J. S. Defrees, D. J.: Baker, J.: Stewart, J. P.: Head-
Mulliken CSSM estimates show a similar dispersion about the Gordon, M.; Gonzalez, C.; Pople, J. Gaussian 94revision D2; Gaussian,
exact result line as do the CHELPG estimates. It is interesting Inc.: Pittsburgh, PA, 1995.

; (26) Schmidt, M. W.; Baldridge, K. K.; Batz, J. A.; Elbert, S. T.; Gordon,
that the MO values for the Mulliken carbon charges on GFCI M.'S.. Jensen, J. H. Koseki, S - Matstnaga. N.- Nguyen. K. A Su, S. 1.

and CRCl; are less positive than the carbon charge predicted yingys, T. L. Dupuis, M.; Montgomery, J. Al. Comput. Cheml993
for CCl,. This is not expected based on electronegativity 14, 1347-1363.
arguments. More reasonable behaviors are predicted by the (27) Jolly, W. D.; Bombem, K. D.; Eyerman, C.At. Data Nucl. Data

: - Tables1984 31, 433-493.
Bader charges and the mean dipole-moment derivatives. Fur- (28) Scarminio, I. S.. Neto, B. B.; de Oliveira, A. E.: Haiduke, R. L.

thermore, the CSSM breaks down badly for all estimates of the A : Bruns, R. ETHEOCHEM2001, 539, 149.
CCl, carbon Mulliken charge. (29) Martins, F., H. P.; Guadagnini, P. RHEOCHEM1999 464, 171.
(30) Tables of Interatomic Distances and Configuration in Molecules

. and lons Sutton, L. E., Ed.; The Chemical Society: London, 1965.
Acknowledgment. The authors thank FAPESP for partial (31) Krohn, B. J.; Person, W. B.; Overend,JJChem. Physl976 65,

financial support of this project. R.L.A.H. and A.E.O. thank ggg.
FAPESP and CNPq, respectively, for doctoral fellowships and ~ (32) Lazzeretti, PAdv. Chem. Phys1987 75, 507-549.
R.E.B. thanks CNPq for a research fellowship. We also thank ~ (33) Lazzeretti, P., Zanasi, R. Chem. Phys1985 83, 1218-1222.

the referee for pointing out reference 32 and for his useful 97‘(1%‘1)9;%’.3'; llinger, K. H.; Papasavva, $.Phys. Chem. A997 101,

suggestions. (35) Pople, J. A.; Gordon, Ml. Am. Chem. Sod967, 84, 4253-4261.
(36) Lide, D. R.CRC Handbook of Chemistry and Physigsth ed.;
CRC Press: New York, 19971998.

References and Notes (37) Mulliken, R. S.J. Chem. Physl955 23, 1833-1840, 1841-1846.
(1) Guadagnini, P. H.; de Oliveira, A. E.; Bruns, R. E.; Neto, BJB. (38) Mulliken, R. S.J. Chem. Physl962 36, 3428-3439.

Am. Chem. Sod 997, 119, 4224-4231. (39) Breneman, C. M.; Wiberg, K. B. Comput. Chen199Q 11, 361—
(2) de Oliveira, A. E.; Guadagnini, P. H.; Custo, R.; Bruns, R. E. 373.

J. Phys. Cheml1998 102, 4615-4622. (40) Bader, R. F. W.Atoms in Molecules: A Quantum Thepry

(3) Haiduke, R. L. A.; de QOliveira, A. E.; Bruns, R. E. Phys. Chem. Clarendon Press: Oxford, UK, 1990.
A 2002 106, 1824-1833. (41) Bader, R. F. WAcc. Chem. Red.985 18, 9—15.



