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Infrared Intensities, Atomic Charges, and Dipole Moments in the Fluoroethane Series Using
Atomic Polar Tensor Analysis

S. Tai, K. H. lllinger,* and S. Papasavva
Department of Chemistry, Tufts Umirsity, Medford, Massachusetts 02155

Receied: June 12, 1997; In Final Form: October 8, 1997

To gain insight into the interpretation of the atomic polar tensors (APT) in the series of fluoroethanes, the
fluorine, carbon, and hydrogen APT componelP@%were calculated, in the inertial-axes coordinate system,

and examined by determining the mean dipole derivafethe King effective atomic charges, and APT
anisotropies3,. From this, relationships between chemical bonding environmenpanerms are clearly
discernible, with the carbon-atom charges exhibiting a labile response to the degree and form of fluorine
substitution. We examine the dependence of the total absolute infrared intensities, as predicted by the APT
sum rules, on the degree of fluorine substitution and molecular structure for the entire set of fluoroethanes.
Finally, dipole-moment components were calculated (i) directly fadminitio methods at the MP2/6-31G**

level, (i) from the P terms, and (i) as the first moments of tifile atomic charges at the nuclear
equilibrium positions, and a detailed comparison was made.

Introduction structure and the degree of substitution, for the entire set of

We have recently been investigating trends in the absolute fluoroethanes.

infrared intensities of a series of hydrofluorocarbons (HFC) and Background

hydrochlorofluorocarbons (HCFC) usireg initio molecular

orbital calculationd;® which provide both the wavefunction In the APT method, the componer§’ of the atomic polar
and the energy of a molecule in a given electronic state. TrendstensorP, of atoma. are defined as the first derivatives of the
in structurally related molecules, such as in the series of in- componentgs of the molecular dipole moment, with respect

terest, can also be found in the atomic chardgs,or elec- to the atomic Cartesian displacement coordinaiesomputed
tron population of a given atora, derived from these wave- here in the inertial axes reference frame, whereslage the
functions. space-fixed Cartesian coordinates,

The most common approach to atomic charges has been the <
Mulliken population analysf< for net atomic populations, band Py = (dudds,’) (1)

overlap populations, and effective charges. However, a limita-

tion to this approach is that these measures often reflect theAlthough the components &%, are not invariant with respect
properties of the basis sets used rather than the details of th© rotation of the coordinate system, its trace is invartnt:
electron distributions themselves. Another approach to atomic The mean dipole-derivative for each atqm, is defined as the
charges that is more applicable to the understanding of absolutetrace of theP?® matrix:3

infrared intensities is atomic polar tensor (APT) analysis, which

operates within the harmonic-oscillator linear dipole-moment P = (113) Zs Py (2)
(HO-LDM) approximation. APT analysis allows the interpreta-

tion of absolute infrared intensities in terms of the mean dipole- A related quantity, the King effective atomic charge, is given
derivative atomic charges, p,, the mass-weighted square by:®

effective chargesy(?m,), and associated King effective atomic - 2

chargesy,. Herem, is the atomic mass of atom. One of Xo = (1/3) zSS(Pa) ®3)
the strengths of APT analysis is that trends in a series of
structurally related molecules, if they exist, will be discernible
in terms of the role played by atoms of each type.

In this paper, to gain insight into the nature of atomic polar _
tensors inpthpe serieg of fluor%ethanes, we calculate the fllforine, Xuz - (pa)z +(@ 9)8a2 (4)
carbon, and hydrogen APTs in the inertial-axes coordinate .
system, and interpret them by examining the effective atomic with
charges,y., the mean dipole derivativeq,, and the APT 2 X 2 JA2 27 2
anisc?trogieﬁa. Dipole mo?nent componeﬁ;sso, s=(xY, 2, Po=12[(Py = PR)" + (P& = PY™+ (P& — Po)" +
are calculated (i) directly fronab initio method<® (ii) from 3 zytg(st)z] (5)
the APT termd2-12and (iii) from the charges given ljy. We
further develop a relationship between the degree of fluorine An impediment to the interpretation of, as the atomic
substitution on carbon and the charges on individual carbon, chargeg,, is that, in general, for neutral molecules, the sum of
fluorine, and hydrogen atoms, and examine the dependence ofuch atomic charges will not vanish. Thu, has been the
the total calculated absolute infrared intensities on molecular preferred definition of atomic charge from APT analysis. Since
these atomic chargeg, represent the redistribution of the
€ Abstract published ilAdvance ACS Abstract®ecember 1, 1997. electronic charge density around each atom on going from the

The chargey, and the anisotropyf,, of the atomic polar
tensorP, are related as follows:
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separated atoms to the atoms in the molecular bonding environ-

ment at the equilibrium geometry, their sum over all atoms for
a neutral molecule will be equal to zero. One of the key
differences between APT charges and the Mulliken charges,

Tai et al.

3N-6 3N-6 3N—-6

kZ‘ Lo, = kZ‘ ACIY,) = g A=A, (12)

alluded to earlier, is that the basis-set dependence of the formessince ¢°/vi) = 1. Bandshape information is required in the

arises only from the fact that the basis set can be incomplete;

definitior?324 of the band-center frequencyy = fAk(v) dv/

hence, as the basis set approaches completeness, the APTAY) d Inv, whereAc = fA(v) dv. In the absence of such

charges approach a well-defined lirt718

Equilibrium dipole moment componentg’ can be estimated
from atomic charges,,, using the definition of the first moment
of a set of atomic chargéy at the nuclear equilibrium positions
S

0__ 0
Us = Z(x Casa

Comparison ofus® terms so computed to experiment serves as
a criteriort117.1%for the quality of the atomic charges.

The equilibrium dipole-moment components are rigor-
ously expressible through the APT terms computed in the
inertial-axes reference frame B§:12

(6)

0 ud —ut,° .
_Auzo 0 ,uXO = Z(x P(xpa (7)
uy° - 0
where
0 Zao _yao
P =|"2" 0 X0 ®)
Y % 0

The absolute infrared intensity sum over all normal mddes
for a molecule is related to the sum of thbmass-weighted
square effective atomic charges through the sumer(;#g16.2622

N
Z(%z/ m,) =
* 3N—6

(Ny/3c%) [ ; Do+ Q + (3a7y Ml (9)

Here, thel'k are the Crawford band intensity term®; is the
rotational correction, and the final term on the rhs is the
translational correction, to the vibrational sum rulsy is the
Avogadro number andis the velocity of lightin vacuq my is
the atomic mass in amag,is the molecular charge, amtlis the

total number of atoms. The rotational correcti@nis given
by:6,10,16,23

Q = [()? + () o+ [ + () +
[(u)? + ()1, (10)

In eq 10,1y lyy, andlzz (I < ly < 17y, are the principal
moments of inertia about the axes@;is the total absolute
intensity of the pure rotational spectrum of the molecule. The
Crawford band intensity ternig and harmonic frequenciesy

in eq 9 are related to the Wilson band intensity tedwsand
band-center frequencieg by:2425

T = A (v = (No/3?) ¢ (uddQ” (11)

Here, QuddQk)o is the dipole-moment derivative with respect
to the normal coordinat®. As a result, the infrared intensity
sum in eq 9 becomes:

information, comparison of computed and experimeftaerms
requires the assumptiom®/vy) = 1. The termAy on the rhs

of eq 12 is introduced as compressed notation for the sum over
all the mode.

Equation 9 is an analog, for the interaction between an
electromagnetic field and nuclear motions, of the Kufihomas
sum rule for electronic motiof#26-28 Equations 1, 3, and-712
provide a consistent framework relating the APT terms to the
equilibrium molecular dipole moment and the dipole-allowed
vibrational and pure-rotational intensity sums. For neutral
molecules, and in the lIMiQ < Ay, €qs 4, 9, and 12 suggest
a physical relationship betweefy,; and trends in the King
effective chargeg,, which are in turn related to the mean dipole
derivativesp,. Employing this relationship, we shall obtain an
explicit sum rule forAy, on the basis of halogen substitution
and structure, for the series of fluoroethanes.

Methodology

Atomic polar tensor calculations were performed with Gauss-
ian-92 software using four DEC ALPHA workstations. Gauss-
ian-92 employs the HO-LDM approximation to compute the
harmonic frequencies;®;, and absolute intensitiegy, of the
fundamental transitions of each normal mode of vibrakipas
well as the atomic polar tensorB,. Second-order Mgller
Plesset perturbation theory and the 6-31G** basis set (MP2/
6-31G**) were used. This has been found to provide reasonable
representations of properties of molecules of the type considered
herel=2 At this level of theory, the atomic coordinates?,
should be given to good accuracy, as attested to by the accuracy
of the calculated molecular geometries. The entire series
(excluding ethane) of CH neFrCH3—neFoe (NF, nF =0, 1, 2,

3) was examined, and optimized geometries (without symmetry
constraints) were found. For the unclustered compounBs (

— nF =< 1, wherenF + nF' = 2, 3, 4), geometries were
optimized for both the anti and gauche conformations.
addition, four chlorinated ethanes were examined>GIEHS;,
CFCLCHj3, CHCIFCF;, and CHCJCF; (the latter computed with
MP2/6-31G*). Optimized geometries and other molecular
properties, including thisterms required in eq 10, have been
presented in previous papérs, the atomic polar tensorB,
used in our computations are availaBie.

In

Results and Discussion

Atomic Charges. The mean dipole-derivative atomic charges,
Po; the King effective atomic chargeg,; APT anisotropies,
Ba; dipole-moment componentsif)apr, computed with eq 7;
dipole-moment componentyd),, computed with eq 6; total
intensities Awr, €9 12; and rotational correctior@, computed,
eq 10, with the g)apT, are presented in Tables-B. To permit
direct comparison with these quantities from APT analysis, we
cite the {10 comp and the g)exp (Where available) andif)exp
previously tabulated. The assumption made in the abo¥2,
< Ay, is borne out for the entire set of molecules studied here,
as expected in the limit of largks values, with a maximum
deviation of <5%, within the computational or experimental
errors of total absolute infrared intensities.

Thep, values reflect what one would anticipate from physical
reasoning, with the average chardg@sand (pyCfor the set
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TABLE 1: Mean Dipole Derivatives, pq, €q 2; King Effective Charges,y,, €q 3; and APT Anisotropies,f, €q 5 of Clustered
HFCs, in e. Experimental Dipole-Moment Components, (u#)ex; Dipole-Moment Components, fi%)apr, Computed with eq 7;
and Dipole-Moment Components, g<),, Computed with egs 2 and 6, in D. Totalab Initio Absolute Infrared Intensities, A,
egs 11 and 12, and Rotational Corrections®, eq 10, Computed with the ftd)apr Terms, in km mol—1

CH:CH,F (HFC 161) CHECH; (HFC 152a)

CECHs (HFC 143a)

o Ao ,3(1 Po Ao ﬁa Pa o ﬂa
C1l 0.635 0.673 0.47 Cc2 1.144 1.165 0.44 Cc2 1.600 1.600 0.03
Cc2 0.007 0.086 0.18 C1 —0.057 0.142 0.22 C1l —0.080 0.144 0.25
F1 —0.488 0.562 0.59 F1 —0.523 0.599 0.34 F1 —0.536 0.606 0.60
H4 —0.067 0.109 0.18 F2 —0.523 0.599 0.34 F2 —0.536 0.606 0.60
H5 —0.067 0.109 0.18 H1 —0.085 0.112 0.14 F3 —0.536 0.606 0.60
H1 —0.006 0.081 0.17 H2 0.012 0.071 0.08 H1 0.029 0.065 0.12
H2 —0.007 0.083 0.18 H3 0.018 0.067 0.13 H2 0.029 0.065 0.12
H3 —0.006 0.081 0.17 H4 0.012 0.071 0.08 H3 0.029 0.065 0.12
comp APT p exp comp APT p exp comp APT p exp
L —-1.72 —1.49 —2.47 169 —2.07 —-1.78 —-3.24 207  wl 2.44 2.23 4.08
P 1.18 1.00 1.75 1.00 w’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
up 0.00 0.00 0.00 0.00 u 1.20 0.99 2.04 120 0.00 0.00 0.00
u° 2.09 1.80 3.02 1.96 u° 2.39 2.04 3.83 230 u° 2.44 2.23 4.08 2.32
Q A(o'[ Q A(Ot Q A[Ot
7 282 5 520 4 831
CRCFH; (HFC 134a) CHECR; (HFC 125) CRCF; (HFC 116)
Pa Ao ﬂu Po Ao ﬁon o Xa ﬁa
Cc2 1.539 1.541 0.14 Cc2 1.498 1.505 0.31 C1l 1.487 1.495 0.33
C1l 0.477 0.544 0.25 C1l 1.008 1.042 0.56 Cc2 1.487 1.495 0.33
F1 —0.519 0.589 0.32 F1 —0.507 0.576 0.58 F1 —0.496 0.565 0.57
F2 —0.519 0.589 0.32 F2 —0.505 0.575 0.58 F2 —0.496 0.565 0.57
F3 —0.521 0.590 0.39 F3 —0.507 0.576 0.58 F3 —0.496 0.565 0.57
F4 —0.430 0.496 0.35 F4 —0.475 0.547 0.58 F4 —0.496 0.565 0.57
H1 —0.013 0.059 0.06 F5 —0.475 0.547 0.58 F5 —0.496 0.565 0.57
H2 —0.013 0.059 0.06 H1 —0.037 0.058 0.10 F6 —0.496 0.565 0.57
comp APT p exp comp APT p exp comp APT p exp
wd —-0.43 —0.35 —-1.14 041 u —0.26 —-0.20 —0.64 ™ 0.00 0.00 0.00 0.00
P 2.24 1.84 3.49 175 w’ 0.00 0.00 0.00 P 0.00 0.00 0.00 0.00
uL 0.00 0.00 0.00 0.00 uf —-1.76 —1.45 —-3.07 u® 0.00 0.00 0.00 0.00
u° 2.28 1.87 3.67 180 u° 1.78 1.46 3.13 154 u° 0.00 0.00 0.00 0.00
Q A(Q[ Q A(ot Q A{Ot
2 867 1 1070 0 1383

aSources of g )exp in this comparison are available in ref 2.

being—0.489 e and-0.033 e, respectively. The carbon charges ethanes and the chemical environment (specifically, fluorine
display a marked sensitivity to the bonding environment (ranging substitution). Similar regularities, but with a strongly attenuated
from —0.064 to 1.626 e), in contrast to the more electronegative response, can be seen fipr Figure 1b, angby, Figure 1c. When
fluorines (ranging only from-0.542 t0—0.436 €), or the nearly-  a linear regression analysis is performed relatmgas a
neutral hydrogens (ranging fromr0.091 to 0.026 e). We  dependent variable to the independent variabhsandnF,
estimate the relative error to B0.0001e in thg, andy, terms, one obtains expressions fp¢, Pr, andpy. Since for a neutral
and+0.0003 e in3,. These error estimates were obtained by molecule,, p, = 0, we have used the maximum computed
taking the maximum deviation between computed values for deviation (0.01 e) of the regression sums from zero as a measure
sets of atoms that are equivalent by symmetry, in the optimized of the standard error of our regression lines. The latter are found
geometry. to be:

Our computed fluorine charges are comparable to those found

in the fluoromethane series from APTs derived from experi- Pe = 0.08+ 0.520F — 0.05nF R =0.998
mental intensitie®—32 (—0.531,—0.524,—0.500, and—0.474
e for Ck, CHR;, CH,F,, and CHF) and from computationally P = —0.46— 0.03F + 0.020F R = 0.955

determine@® APTs (—0.374,—0.380,—0.404, and—0.434 e
for CFs, CHF;, CHyF,, and CHF). In addition, the calcu-
lated pr, xr, and B for CyFs in this paper {0.496, 0.565,
and 0.574 e, respectively) are compar&bk® those found
from APTs derived from experimental intensities (443,
0.505, and 0.686 e, respectively) and from computationally
determined APTs-0.522, 0.550, and 0.371 e, respectively).
The difference in computed values probably arises from

P = —0.03— 0.03F + 0.0NF RP=0.973 (13)

From the coefficients of the regression lines in eq 13, the
effects of varying degrees of fluorine substitution on the atomic
chargesp, can clearly be seen. WhilaF has a stronger
influence thamF', in general, the effect that fluorine substitution

differences in level of theory and basis set (HF/4-31G for
ref 32).

As seen in Figure la, we find a strong regularity in the
relationship between atomic charggsin the set of fluoro-

has ormpr andpy is relatively small. In contrast to this, because
of the high electronegativity of fluorine, increasing substitution
on carbon by fluorine serves to increggesignificantly, while
increasing substitution on the neighboring carbon atom by
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TABLE 2: Mean Dipole Derivatives, pq, €q 2; King Effective Charges,y,, €q 3; and APT Anisotropies,f, €q 5 of Unclustered
HFCs, in e. Experimental Dipole-Moment Components, (u#)ex; Dipole-Moment Components, fi%)apr, Computed with eq 7;
and Dipole-Moment Components, gJ),, Computed with egs 2 and 6, in D. Totalab Initio Absolute Infrared Intensities, A,
egs 11 and 12, and Rotational Corrections®Q, Equation 10, Computed with the g)apr Terms, in Km mol—1

CH,FCH,F (HFC 152) CHFCHF, (HFC 143) CHRECHF,; (HFC 134)
Pa Ao Ba anti Pa Yo Ba anti Pa Aa Ba anti

Cc2 0.552 0.598 0.49 C2 1.068 1.095 0.51 Cc2 1.019 1.058 0.60
C1l 0.552 0.598 0.49 C1l 0.494 0.563 0.57 C1l 1.019 1.058 0.60
F1 —0.461 0.528 0.55 F1 —-0.501 0.573 0.59 F1 —0.486 0.559 0.59
H1 —0.046 0.085 0.15 F2 —-0.504 0.580 0.61 F2 —0.486 0.559 0.59
H2 —0.046 0.085 0.15 H1 —0.063 0.085 0.12 H1 —0.047 0.067 0.10
F2 —0.461 0.528 0.55 F3 —0.444 0.511 0.54 F3 —0.486 0.559 0.59
H3 —0.046 0.085 0.15 H2 —0.028 0.073 0.14 F4 —0.486 0.559 0.59
H4 —0.046 0.085 0.15 H3 —0.022 0.063 0.13 H2 —0.047 0.067 0.10

comp APT p exp comp APT p exp comp APT p exp
L 0.00 0.00 0.00 ul -0.21 -0.17 —0.62 ud 0.00 0.00 0.00
uP 0.00 0.00 0.00 P —-1.69 —1.42 —2.60 P 0.00 0.00 0.00
up 0.00 0.00 0.00 uL 0.48 0.39 0.95 u® 0.00 0.00 0.00
u° 0.00 0.00 0.00 u 1.77 1.49 2.84 158 u° 0.00 0.00 0.00

Q A(o'[ Q A{Ot Q A[O[

0 345 2 558 0 764

CH.FCH;F (HFC 152) CHFCHF, (HFC 143) CHRECHF,; (HFC 134)
Pa Ao Ba gauche Pa A Ba gauche Pa Ao Ba gauche

C1l 0.555 0.610 0.54 Cc2 1.083 1.105 0.47 Cc2 1.029 1.059 0.53
Cc2 0.555 0.610 0.54 C1l 0.505 0.564 0.53 C1l 1.029 1.059 0.53
F1 —0.467 0.539 0.57 F1 —0.504 0.577 0.60 F1 —0.487 0.559 0.58
H1 —0.048 0.094 0.17 F2 —0.504 0.577 0.60 F2 —0.489 0.561 0.58
H2 —0.039 0.080 0.15 H1 -0.072 0.099 0.14 H1 —0.053 0.076 0.12
F2 —0.467 0.539 0.57 F3 —0.446 0.512 0.54 F3 —0.487 0.559 0.58
H3 —0.048 0.093 0.17 H2 —0.031 0.075 0.15 F4 —0.489 0.561 0.58
H4 —0.039 0.080 0.15 H3 —0.031 0.075 0.15 H2 —0.053 0.076 0.12

comp APT p exp comp APT p exp comp APT p exp
ul 0.00 0.00 0.00 ul 0.26 0.23 0.49 ul 0.00 0.00 0.00
P 3.06 2.61 4.45 P 0.00 0.00 0.00 P 0.00 0.00 0.00
u® 0.00 0.00 0.00 u® 3.58 3.01 5.60 uL —2.79 -2.31 —4.71
u® 3.06 2.61 4.45 262 u° 3.59 3.02 5.62 u° 2.79 2.31 4.71 2.80

Q A[O[ Q A(ot Q A(Ot

12 347 9 571 4 769

2 Sources of g )exp in this comparison are available in ref 2, and that for,EEHF, in ref 41.

TABLE 3: Mean Dipole Derivatives, pq, €q 2; King Effective Charges,y,, eq 3; and APT Anisotropies,f,, g 5 of the HCFCs,
in e. Experimental Dipole-Moment Components, g°)exp; Dipole-Moment Components, fi’)apr, Computed with eq 7; and
Dipole-Moment Components, f),, Computed with egs 2 and 6, in D. Totalab Initio Absolute Infrared Intensities, Aw:, €gs 11
and 12 and Rotational Corrections,, eqs 10, Computed with the g)apr Terms, in km mol™!

CF.CICH; (HCFC 142b) CFGICH; (HCFC 141b) CHCIFCE(HCFC 124) CHCICR; (HCFC 123)
P Xo ﬁu P Xo ﬁa P Xo ﬁa Pa Xo ﬂa

Cc2 1476 1506 0.64 C2 1285 128 073 C2 1509 1515 027 C2 1507 1514 0.30
C1 —0.090 0.145 024 Cl1 -0.092 0.092 018 C1 0.784 0893 090 C1 0.523 0.714 1.03
F1 —0550 0625 063 F1 —-0552 0552 059 F1 -0530 0613 065 F1 —-0520 0594 0.61
F2 —0.550 0.625 0.63 Cl1l1 —-0.360 0360 060 F2 —0502 0563 054 F2 -0520 0594 0.61
Ci1 -0369 0467 061 C12 -0360 0360 060 F3 —-0497 0560 055 F3 —0.490 0548 0.52
H1 0.032 0.062 0.11 H1 0.023 0.023 0.13 F4 —0470 0554 0.62 Cl1 —0.247 0.325 045
H2 0.032 0.062 0.11 H2 0.033 0.033 0.11 C11-0.269 0.345 046 Cl12 —-0.247 0.325 045
H3 0.019 0.069 0.14 H3 0.023 0.023 0.13 H1 -0.027 0.059 011 H1 -0.006 0.058 0.12

comp APT p exp comp APT p exp comp APT p exp comp APT p exp
wl 106 103 1.30 wl 0.00 0.00 0.00 wl 0.38 0.23 1.27 wl —0.44 -0.26 —1.57
wpb 214 1.81 3.63 P 1.59 1.47 221 wp —0.07 —0.02 -0.30 wP  0.00 0.00 0.00
u? 0.00 0.00 0.00 u? —1.60 —-134 —-2.76 ul —1.64 —-137 —-2.64 u? —145 —-129 -2.12
w239 209 3.85 u® 2.26 1.99 3.53 u® 1.68 1.39 2.94 u° 151 1.32 2.64

Q Aot Q Aot Q Aot Q Aot

3 729 2 562 1 975 1 864

fluorine decreasepc slightly. From the regression fit, it is  substituted methanes. Similar carbon charge changes have been
evident that each additional fluorine on carbon contributes founcf! in fluoromethanes. Although the effect is smaik
~+0.52 e to the carbon charge. This is comparable to the becomes slightly more negative a5 increases.

results of Ferreira and Sudfowho find that each additional For neutral molecules, the sum of theterms over all atoms
fluorine adds approximately 0.5 e to the carbon charge in the vanishe$:131621.34 |n the set of molecules examined here, the
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e (e
Pr ()
pu (e

la:pe 1b: Pg le: Py

Figure 1. Relationship between atomic chargisn the set of fluoroethanes, GHeF.=CHs-n=Fnr, and the chemical bonding environment, eq 13.
In Figures 1a and 1c, black shading indicates the zero of-twordinate, for negative values pf.

Pr and py terms do not show large deviations from their charge sets, [C1l; (F1, F2); H1] and [C2; F3; (H2, H3)],

averages(prand [pxL] and we may write: respectively, with an HCCF torsional angle 69.and all FCCF
torsional angles 592 On going to the anti form, with reduction
— (Pc + Pc) = PLINF + nF] + [y [6 — (nF + nF)] of the symmetry taCy, the (F1, F2) and (H2, H3) components
(14) are split, with an attendant changepnandpu, and one obtains

three nonequivalent hydrogens and fluorines. In this cage,
Equation 14 approximately describes the balance between theg3y2/m,) decreases slightly. The anti conformer of GBFF;
nearly constant fluorine charges, wiffir[l= —0.49 andp4lJ  (Cy,), again has equivalent-atom sets of each type. On going
= —0.03, and the highly labile carbon chargps,andpc. to the gauche formC,, the fluorines split into two sets,
Through use of regression lines f}@({, similar to those for ana|ogous|y to the hydrogens in GFCH,F. The attendant
Pu, €9 13, APT analysis permits the expressionfgf as a  changes irp, lead to a small increase Fa(3x2/Me).

function of the contribution, (&m.), of each atom and the Implicit in the form of eq 4 is nonlinear behavior f@, as
number of atoms of each type. Our regression lines for the 3 function of a variable upon whigh, andy, depend linearly.
relationship between the King effective atomic chargeand Thus, while the mean dipole-derivative atomic charpgsor
fluorine substitution are as follows: the fluoroethanes are monotonically varying functionsffind
nF, theS, terms are influenced by the bonding environment in
%c = 10.10+ 0.5MF — 0.05"F'| R’ =0.989 a more complicated fashion. In particular, among the clustered
speciesitF, nF =0, 1, 2, 3,nF — nF' = 2, whennF + nF' =
% = |—0.53— 0.03F + 0.0F| RP=0.924 2, 3, 4), thefc terms for the more substituted carbon atom show

a minimum for CECHsz and thence increase toward maxima at
An = |_006_ 0.04F + 003—1F1| R2 =0.657 (15) CFH,CH3 and CRCFRs. Theﬂc terms for the less substituted
carbon atom show a maximum for Ck{F;, descending toward
Apart from describing the relationship between the atomic Minima at CHFCH; and CRCFs. Similarly, fr in the clustered
charges and the bonding environment, APT analysis of the antj SPecies undulates betweeid.3 e and~0.6 e. In contrast, in
and gauche conformers permits the investigation of the depen-t1€ Set of unclustered species, feterms ¢-0.5-0.6 €) do
dence of atomic charges on torsional angles. Spmerms not show wide extrema, W't,h a similar behavior fpr(~0.55-
undergo definitive changes on going from anti to gauche, well 0:6 €)- Thepy terms are fairly small throughout-0.06-0.18
beyond the putative relative error 6£:0.0001 e. Going from  ©)- In spite of this complicated behavior of fgterms, since
the higher-symmetry conformer to the lower-symmetry con- the quantitiesp, constitute the (_jomlnant contrlb_ut|on %&
former reduces the number of atoms in equivalent bonding €9 4, the latter also vary approximately monotonically with
environments. Thus, the anti conformer of S &HF (Czp) andnF. '
has an equivalent set of atoms of each atomic type, with identical _AM°ng the hydrochlorofluorocarbons, we find an average
values ofp,, B« and hence,, within each set, witlpy = —0.046 chargelpcC= —0.309 e, with a range fqic; from —0.369 e to

e. Reduction of the symmetry @, in the gauche form splits ~ —9-247 €, a difference from not unexpected between chlorine
the hydrogen atoms into two sets, with equal to—0.039 e and fluorine Because of the relatively limited size of our
and —0.048 e. with HCCF torsional angles of Sand 172 chlorinated hydrofluorocarbon set, it is more difficult to draw

respectively. The charges and pr show small positive and definitive correlations between atomic charges and substitution
negative increases, respectively. The net result is a smallthan in the clearly delineated case of the fluoroethanes.
increase iny o (32/My), on going from the anti to the gauche Intensity Sum Rule. _The general expression for the Ihs of
form, as well as a small increase in the charge difference €9 9. for the set of fluorinated ethanes is: Here, C ande@ote

betweerpc andpe on going to the gauche forms. Because larger 2 _ 2 2 2

differences between the carbon and fluorine charges lead toza 30zomy) = 3{(AMe)xc” + xc’] + (Lmp)[nFye” +

shorter corresponding bonds, this is consistent with the well- Ny + (UmYI3 — nF)y* + (3 — nF)y, A} (16)

documented gauche effe€t;?” in which C—F bond lengths are

shorter in gauche forms than in anti forms, consistent with our the two individual carbons, and F and&nhd H and Hdenote

computed equilibrium geometriés. the fluorines and hydrogens on those carbons, respectively;
In the case of CLFCHF,, since the bonding environments substituting for they, using eq 15 gives a power seriesrif

at C1 and C2 differ, the gauche conform€&g)(exhibits atomic- andnF'. Molecular symmetry dictates the same coefficient for
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Figure 2. Experimental total absolute infrared intensitfofexp and 3! R
APT absolute intensity sumAg)req, €9 18, as a function of the total (1), (D)
number of fluorinesifF + nF'). Sources of £or)exp are available in ref r
2, and that for CECFs in ref 42. Figure 3. Combined fit of all the dipole moment components:’\apr

and (p, = (X ¥, 2. (Up)regr = 0.530 ), + 0.023 D, B2 =
analogous terms in the power series. In consequence, the rh$.993).
of eq 16 takes on the form:

2 5 5 X/XA"A u] -<‘>O ot
> w306 M) = 3{cy+ ¢,("F + nF) + c,(nF* + nF?) + ! X }249,// o
7 o
‘ X APT

CNFNF + cy(nF2 + nF®) + ¢, (NFPF + nF2nF)} (17)

Combining egs 1517, we obtain:

> o 30, Im,) = 0.066+ 0.0716F + nF) + 0.0870F" +
nF?) — 0.05TFNF — 0.0050F° + nF'®) +
0.0050F*nF' + nF'>nF) (18) o

Equations 9, 12, and 18 permit the estimatiorAgf from a Figurg 4. Comparison of calculated total dipole mo_menﬁ’,),(and
knowledge of the bonding environment of the molecule. When €xperimental valuedu©)eqy Sources forf°)ex, are available in ref 2,

o and that for 1,2-difluoroethane is available in ref 4L%g)eqr= 0.583
the ab initio terms @yr)comp @and those computed from eq 18 (%) — 0.044 DR = 0.957. ((Opr)req = 1.077 (O)ap1 — 0.010 D,

are compared, a strong correlation is seen, providing a fit, gz =  gg4. ((9))reqr = 0.543 f%); — 0.018D,R2 = 0.957. ({t%)compreqr
(Aw)comp= 0.942 Byopregr + 45 (km mol™t), with R? = 0.993. = 0.922 (1%comp — 0.025 D,R? = 0.962.

Here, @ioregr= (No77/3¢?) [Y o 3(xa?/My) — 2], computed from

eq 18, withQ2 = 0. Since clustered species exhibit considerably atomic chargeg,, egs 2 and 6, and those)apt, coOmputed
larger nonlinear termsnf + nF') for the same total number  from eq 7, in order to examine the consistency of these different

of fluorines fiF + nF') than the unclustered specief: is calculations of the components. The equation for the regression
consistently larger for the former. This is a direct result of the line, for the fluoroethanes, shown in Figure 3, isusf)p)regr.apT
strong dependence of the carbon charpgesand pc on the = 0.530{), + 0.02D, (R? = 0.993). It is reassuring that

degree of fluorine substitution, as expressed by eq 14, and thethe ), fit each of the g)apr componentss = (x, y, 2),
difference in the fF + nF) terms between clustered and equally well. However, incorporating the components for all
unclustered species. Analogous arguments account for thethe molecules in the set in the regression may serve to suppress
structure dependence of the instantaneous infrared radiativesome variances. Not unexpectedly, inclusion of the chlorinated
forcing associated with this set of molecufés. fluoroethanes, Table 3, in this comparison decred®ebdy
In Figure 2 we compareiu)regrand the experimental terms  attempting to fit an additional set of atomic charggs, with
(Awpexp for the set of fluoroethanes, as a function of the total a considerably more complicated, and hence more computa-
number of fluorines. The plateau seen in tAgexp terms for tionally challenging electron charge distributiqr(x, vy, 2).
the clustered species is clearly reflected in the terms calculated Figure 4 compares experimental total dipole momerfis,{,
from eq 18. The quality of the fit 0fA)regr tO (Aot)exp fOr the and dipole moments calculated from eq 6 ugiag(u®)y; using
unclustered species, with its monotone dependence®nt( Mulliken charges,Ga, (u%¢; the ab initio (4%cmp and the
nF'), further corroborates the analysis. (u®apT. The regression equations are quoted in Figure 4.
Dipole Moments. While atomic charges are not directly  Although theab initio terms are more directly comparable to
accessible to experiment, the componei®f the equilibrium experiment, there is a close linear relationship between the
dipole moments along the inertial axes are. As a result, one of (u%apr and experiment as well, with dipole moments calculated
the criteria for the quality of atomic charges is their accuracy from eq 7, on average, only slightly lower than the experimental
in predicting the molecular dipole moméet!’1° In Tables 1 ones. As can be seen, Mulliken apgdatomic charges routinely

and 2, theab initio dipole moments, dL)comp U)apT, from overestimate dipole moments. This suggests that the level of
eq 7, and those from eqs 6ud), are compared with  theory employed here overestimates fioeand &, terms by
experimental dipole momentaf)ex, Where available. roughly a factor of two. The quantum-mechanical decomposi-

Ideally, comparison should be made between computed tion®711of APTs addresses the issue of scalfaggerms more
dipole-moment componenigL and those from experiment.  rigorously, though not in a fashion independent of the model,
However, the paucity of the latter for the set of molecules but has not been applied to nonplanar molecules. We note that
addressed here (and generally for molecules of this level of such previous attemdfsto scale Mulliken charges lead, on
complexity) precludes a meaningful comparison. Nonetheless,average, to scaling factors 1. Critical comparisons of atomic
it is instructive to compare componenisY), computed with charges obtained with different methods have been rd@ér1°
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We confine our discussion within the present context mainly
to those derived from APT analysis.
The APT model makes na priori assumptions concerning

the decomposition of the molecular dipole moment; as a result,

there is a strong correspondence between th®abr and
(ud)comp terms.  Taking the trace d?, to obtain the atomic
chargesp, obliterates information, contained in the set of its
componentﬁs, concerning the polarization and anisotropy of
the charge distribution in the vicinity of nucleus If the
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