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The results of ab initio calculations with the 6-BG* basis set are reported on over sixty compounds of the
type CZCH.X (Z = H, F) and on a few longer chain-substituted alkanes. Data for the eclipsed conformations
with Z = H and both the staggered and eclipsed conformations withRZare presented. The charges on the
atoms in these molecules are determined with the Atoms in Molecules (AIM) and Natural Population Analysis
(NPA) methods of analysis. The charges on the fluorine atoms in the trifluoroethyl derivatives parallel those
of the hydrogen atoms of the ethyl derivatives. A potential gradient model for charge variations is presented.
In this model, the magnitude of the charge is dictated by a through-space electrostatic interaction that arises
from the charges on the atoms of the ZHjroup. The length of the vectors from the atoms in the;XH

group to the bond critical point of the«€Z (Z = H, F) bond and the angle this vector makes with theZC

bond are critical parameters. The model is tested in systems in which the charge of the methylene carbon
atom can be ignored, as well as more rigorously with inclusion of the charge of the methylene carbon atom.
The potential gradient model accounts for a greater positive (negative) charge on the antiperiplanar atom
than on the gauche ones (staggered conformer) and on the gauche compared to synperiplanar (eclipsed
conformer) for positively (negatively) charged X. The model also gives a rationalization for the change in
charge observed on the Z atoms wher>EH, is replaced by X= EFR,9. Comparisons of antiperiplanar and
eclipsed conformers of GIE&H,X and CRCH,X show that these conformational changes have little effect on

the charges of the atoms in the methylene fKHragment.

Introduction conclusions about the distribution of charge in substituted

The notion of the charge on an atom in a molecule is central aIk_anes, we have e>_<tended our initial study to a number_of
to the structural model that most chemists employ when they eclipsed anOSUSbSt'IUteq ethanes and to stqggered and eclipsed
think about molecules and reactivity. Although the charge is monosubstituted 1,1,1-trifluoroethanes. Ecllpseq conformers
not an eigenvalue of any quantum mechanical op€raiotil have Iongeor_zk;ond lengths t_han the corresp_ondlng _staggered
an atomic basin is definé@nd charge calculations give widely Eonformerf X and havg rciln‘ferent geor:ne&r;;:l Crelatlonshlps
different answers dependent upon the method of andlysfs, Betwe?n td.e tghroup an tl %at?_lm; '3 tt e3t . '_T%rout%
rationalizations based upon charge are widely used in chemis- y extending the origina tCH, ata fo Incluae the
try.210For example, in a molecule with a carbeifuorine bond, correspo_ndlng echp_sed conformers, we can make further
it is generally assumed that a partial positive charge resides onObsng?t'o?fs reg?]rldlng through-;picexcharge (_al_f;‘]ects gnd fthe
the carbon atom and a partial negative charge on the fluorine proximity efiect of fluorine atoms In the X group. The study o
atom. Relative to the corresponding-8 bond, this polarization monosubstituted 1,1,1-trifluoroethanes allows us to determine
influences properties at other sites in the molecule. This type if the Changes foun_d in _the hydrogen atoms of a methyl group
of substituent effect remains an area of intense investigation. are foqnd n °‘h?r situations. Although fluoroethanes have been
Many are particularly concerned with the mechanisorbital extensively studied?4?%there are, to the best of our knowledge,
interaction, through-bonds polarization (classical induction), or no systematlc r.eports ‘?f char.ge varlapor-\ in these species.
through-spaceby which the perturbation is transmitté:17 Our primary interest is not in establishing the actual charge
Our approach to this mechanistic problem is to investigate how ©n the atoms in these molecules (if actual charge is even a
a substituent at a given site in a molecule influences the cHarge Meaningful concept). Rather, we are interested in attempting
and other quantum mechanical propeffiest remote sites in [0 85Sess the cause of charge variation as a function of a change
the molecule using ab initio calculations. of the X group. We will discuss our results in terms of two

A portion of our earlier efforts involved the variation in the Methods of charge assessment, the topologmgl approach of
methyl hydrogen atom charges in §&H,X. The variations with Bader, the Atoms in Molecules (AIM) methd#?’ and the
charged X were accounted for with a simple electrostatic Natural Popgla‘uon Analysis (NPA) calculation of Weinhold and
potential (through-space) model. We also discovered that CO-WOrkers:
fluorine atoms close to hydrogen atoms of the methyl group _
cause these hydrogen atoms to become more positive. ToComputational Methods

understand this last effect and to probe the generality of our Calculations were performed using Gaussian-94 revisions B.1

* To whom correspondence should be addressed. E-mail: rlinck@science.@nd B.2° and Gaussian-98 revision '@970'_1 a SGI Power XZ
smith.edu. Fax: 413-585-3786. Indigo2 running IRIX 6.2 or on a Dell OptiPlex GX1p machine
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TABLE 1: AIM Charges on Atoms in Substituted Staggered
1,1,1-Trifluoroethanes

X Fap Fe CofCR HofCH, CofCH, X
F -0.743 —0.739  2.050  0.063  0.772—0.727
SOF  -0739 —0.740 2123 0113  0.006 —0.135
OH -0.746 —0.742 2036 0025  0.774-0.630
CRs —0.743 —0.741  2.064 0075  0.184-0.161
H -0.748 —0.748  1.992 0038  0.142  0.038
NH, -0.747 -0.751  1.961 0033  0.627 —0.406
NF; —0.742 —0.740  2.073  0.086  0.569 —0.587
SiHs -0.748 —0.751  1.990  0.040 —0590  0.782
SiFs —0.745 —0.745 2.035  0.067 —0.675 0.741
CHs -0.749 —0.750 1.972 0020  0.153  0.088
CH.Li  —0.754 —0.756 1913 —0.023  0.174  0.229
CH,F2  —0.747 —0.743% 1979 0048 0142  0.003
~0.749 0.033
CHFe  —0.746 —0.748 1992  0.044 0151  0.012
CH, -0.765 —0.768 1.805 —0.047  0.189 —0.597
CR~  -0.760 —0.754 1.888 -0.014  0.168 —0.741
BH;-  —0.765 —0.763 1799 —0.048 —0.259 —0.160
BFs  —0.762 —0.755 1.844 —0021 —0.334 —0.196
B(OH);~ —0.764 —0.759 1767 —0.036' —0.289 —0.201
-0.762 -0.019
NHst  —0.727 —0.736 2156  0.130 0421  0.361
NFs*  —0721 —0.728 2274 0192  0.294  0.228
OH,*  —0.724 —0.733 2193 0170 0417 0242

aThe fluorine atom is gauche to the-C bond of the trifluoroethane
group.® Same side of the plane defined by the three carbons of the
molecule as is the fluorine atom of the @Hgroup.¢ The fluorine atom
is antiperiplanar to the €C bond of the trifluoroethane groupThe
orientation of the hydrogens on the oxygens removes the plane of
symmetry from this species.

running Linux, Red Hat Version 6.0 or 7.0. The structures in
this study were optimized using the 6-BG* basis set and all
further analyses were carried out using the resulting geometries

We have previously discussed the effects of the basis set

choice!® All results were obtained using the SGFTight and
Opt = Tight convergence criteria. Calculations of the eclipsed
conformers of CZCH,X (Z = H, F) were performed by freezing

a Z—C—C—X dihedral angle at Owhile all other variables were
optimized to minimize the energy. The NPA method, Natural
Bonding Orbital Version 3.31733 was implemented through
Link 607 of the Gaussian package. The AIM procedure was
performed using the programs EXT94b and PROARds
downloadeéf and compiled on our machines. In some instances,
the program PROAIM gave answers that were ridiculous
(fluorine atom with a—2 charge, for instance) or in which the
sum of the charges on the atoms in the molecule did not
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species with this average in the neutral compounds, excluding
X = CHo.Li which is essentially a solvated carbanion because
of the long C-Li bond. The average NPA charge on the
antiperiplanar fluorine atoms are0.457+ 0.002,—0.412+
0.004, and-0.368+ 0.002 for the negatively charged, neutral,
and positively charged molecules, respectively. For the gauche
fluorine atoms, the values ar€0.434+ 0.006,—0.411+ 0.008,

and —0.393 + 0.009, respectively. The AIM data are also
similar: antiperiplanar;-0.763+ 0.002,—0.7454+ 0.003, and
—0.724+ 0.002; and gauche;0.760+ 0.005,—0.745+ 0.005,
and—0.732+ 0.003. These data show the formal charge on X
is the dominant factor determining the magnitude of the fluorine
atom charge. Also, it is obvious from the average data (and
from individual comparisons such as the change frors ©®H

to X = OH,") that the antiperiplanar fluorine atom is more
sensitive to the formal charge on the X group than are the gauche
fluorine atoms.

Close inspection of the standard deviations of the averages
given above for the charge types suggest a second feature is
important. The standard deviations of the gauche fluorine atoms
are significantly larger than are those for the antiperiplanar
fluorine atoms. Analysis reveals these distortions are caused
by compounds in which X= EH," is replaced by X= EFR,
whereq is —1, 0, or 1, and E is the atom attached to the
methylene carbon. We have six examples of this kind of
variation in X. In all cases, with both the AIM and the NPA
methods, the charge on the fluorine atoms in the @fup
becomes more positive. In the antiperiplanar fluorine atom, these
changes are modest, 0.005 (AIM) and 0.002 (NPA) charge units
for the NH, to NF, transformation, for instance. These small
values cause the standard deviations of the average charge within
any given value ofj to be small. On the other hand, the changes
in the charge of the gauche fluorine atoms are considerably
larger, 0.011 (AIM) and 0.020 (NPA) charge units for the NH
to NF, comparison, for example. This causes the standard
deviation for the gauche fluorine atoms to be considerably larger.
We conclude that the gauche fluorine atoms are more affected
by the change in X from X= EH9 to X = ER4 than the
antiperiplanar fluorine atoms. Considering that the gauche
fluorine atoms are closer to X, this result agrees with our earlier
observations of the proximity effect of fluorine atoms int.

The methylene hydrogen atom charge data are presented in
Table 1 and Table S1. The charges of the methylene hydrogen
atoms by either method of calculation reflect the charge of X,

reproduce the total charge. In these cases, we applied thewith positive X more positively charged and negative X more

PROMEGA option, which is included in the PROAIMV
package, and obtained reasonable results.

Results

Atomic Charges in Staggered Monosusbtituted 1,1,1-

negatively charged. There is no correlation between the NPA
and AIM methods of analysis within the neutral X. For instance,
the AIM procedure gives the charge of the methylene hydrogen
atoms (in both the Cgland CF series of compounds) in the
order X=F > X = SiH; > X = H whereas NPA gives the
order X= SiHz > X = H > X = F. The two methods of charge

Trifluoroethanes. The atomic charges generated by the AIM analysis show the charge on the methylene carbon atom is
procedure are presented in Table 1 and those from the NPAroughly correlated. The NPA method of analysis generates
analysis are listed in Table S1 (Supplementary Information). charges on the methylene carbon atom that are highly sensitive
The data for the staggered §FH,X charges of the antiperipla-  to the nature of the atom in the X group to which the carbon
nar and gauche trifluoromethyl fluorine atoms show good atom is attached rather than the charge of that group. The AIM
correlation between the NPA and AIM values, which indicates data do not follow this pattern as well. The charge of the carbon
that they respond to some common factor independent of theof the CR group shows no correlation between the AIM and
method of analysis. the NPA methods of analysis. In the latter method, this charge
The fluorine atom charges in the charged 1,1,1-trifluoro- is nearly independent of X. On the other hand, the AIM analysis
ethanes, X= BH3;™, B(OH);~, BF;~, CH;™, CR, NH3™, NFsT, shows the variations in the charge on the;@&rbon atom
and OH™, clearly show that the fluorine atoms are sensitive to parallel that of the fluorine atom charges, although the latter
the charge of the substituent. A useful way of seeing this is to change is smaller by a factor greater than ten. What is striking
compare the average charge on the fluorine atoms of theseabout the data in the AIM analysis is the significantly greater
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TABLE 2: AIM Charges on Atoms in Substituted Eclipsed TABLE 3: AIM Charges on Atoms in Substituted Eclipsed
1,1,1-Trifluoroethanes CH3CH,X
X Feyn Fg CofCR HofCH, CofCH, X X Hsyn Hy CofCHs HofCH; CofCH, X
F —0.735 —0.745 2.057 0.066 0.767 —0.727 F 0.029 —0.009 0.063 0.008 0.659 —0.748
SOF —-0.738 —0.739  2.122 0.121 —0.002 -0.135 SOF 0.016 0.023  0.100 0.072 —0.034 —0.271
OH —0.739 —0.747 2.044 0.029 0.766 —0.627 OH 0.025 —-0.018 0.067 —0.031 0.665 —0.657
CRs —0.741 —0.744 2.049 0.081 0.168 —0.209 CRs 0.016 —0.001 0.071 0.021 0.151 -0.275
H —0.749 —0.749 1.990 0.044 0.122 —0.044 H —0.022 —0.022 0.067 —0.022 0.067 —0.022
NH; —0.754 —0.749  1.964 0.039 0.604 —0.398 NH; —-0.022 —0.021  0.031 —0.018 0.543 —0.472
NF2 —0.737 —0.743 2.073 0.091 0.563 —0.591 NF, 0.037 —0.003 0.072 0.032 0.483 —0.651
SiHg —0.755 —0.749 1.988 0.048 —0.607 0.785 SiHs —0.029 —0.014 0.07 —0.01 —0.732 0.741
SiFs —0.748 —0.745  2.019 0.075 —0.686  0.738 SiFs —-0.012 0.000 0.078 0.018 —0.810 0.714
CHs —0.752 —0.749 1.977 0.026 0.131 0.088 CHs —0.023 —-0.023 0.052 —0.035 0.102 —0.017
CHyLi —0.759 —0.755 1.914 —0.016 0.154 0.232 CHaLi —0.027 —0.047 0.038 —0.077 0.113 0.125
CHy~ —0.774 —0.765 1.810 —0.038 0.150 —0.592 CHy~ —0.047 —0.090 0.002 —0.094 0.114 —0.703
CR~ —0.750 —0.760  1.887 —0.006 0.152 —0.755 CR- 0.010 —0.075  0.040 —0.068 0.104 —0.874
BH3™ —0.763 —0.764 1.809 -0.039 —0.289 -0.159 BH3™ —0.040 —0.086 0.039 —-0.106 —0.438 —-0.172
BFs~ —0.753 —0.760 1.838 —0.012 —0.356 —0.198 BF;~ —0.023 —0.073 0.052 —-0.080 —0.506 -—0.217
B(OH);~ —0.762 —0.763 1.722 —0.026 —0.316 —0.174 B(OH);~ —0.028 —0.084 0.054 —0.083 —0.472 —0.206
—0.762 —0.018 —0.08F —0.097

NH3™ —0.740 —0.731 2.167 0.132 0.409 —0.364 NHz* 0.013 0.058 0.068 0.075 0.332 0.320
NFs+ —0.729 —0.725 2.280 0.194 0.290 0.229 NFs*™ 0.066 0.081 0.090 0.139 0.214 0.186
OH* —0.737 —0.728  2.204 0.172 0.408  0.243 OH,* 0.038 0.069  0.076 0.120 0.293  0.216

aThe orientation of the hydrogens on the oxygens removes the plane 2 The orientation of the hydrogens on the oxygens removes the plane
of symmetry from this species. of symmetry from this species.
range of charge expressed by the carbon atom of theg€kip atoms than for the gauche ones. The primary factor causing the
compared to that of the GHyroup in CHCH,X (see below). deviation is the difference in charge in the £Zffoup when X

Atomic Charges in Eclipsed Monosubstituted 1,1,1-Tri- is changed from %= EHA to X = EFR%. Comparison of these

fluoroethanes.We extended our study of monosubstitutedsCF  types shows that compounds with=XEF,4 have more positive
CHyX to those in an eclipsed geometry. In these compounds, fluorine atoms in the Cfgroup than those with X= EHA.
the trifluoromethyl group is rotated such that oneEbond of Also, in almost all cases (% BH3 /BF3~ in the NPA method
the CK; group is eclipsed, or synperiplanar, to the X bond. is the only exception), the change betweer)EH,% and X=
In terms of distance from the X group, the gauche fluorine atoms EF is larger for the synperiplanar fluorine atom than it is for
of the eclipsed conformers are intermediate between thethe gauche fluorine atoms.
antiperiplanar and the gauche of the staggered conformer, Plots of the charge on the methylene hydrogen and carbon
whereas the synperiplanar fluorine atom is closer to the X group atoms, as determined by the two methods of analysis, show
than any fluorine atom in the staggered conformer. The atomic behavior similar to that exhibited in the staggered conformer,
charges generated by the AIM method are listed in Table 2 andas do the results for the charge on the carbon atom of the CF
those from the NPA procedure are included in Table S2 group.
(Supplementary Information). Atomic Charges in Eclipsed Monosubstituted EthanesWe
The trifluoromethyl fluorine atom data for the gauche fluorine have extended our earlier wéflon the charge distribution in
atoms give a correlation between the NPA and the AIM data substituted alkanes by investigating charge variation on the
with a correlation coefficient of 0.996. The synperiplanar atoms in several eclipsed monosubstituted ethanes. The data
fluorine atom does not correlate as well (correlation coefficient for the calculated AIM charges are given in Table 3 and the
of 0.937). As seen for the staggered conformer, generally a NPA charges are listed in Table S3 (Supplementary Informa-
charged X group delocalizes its formal charge onto the tion). Like the methyl hydrogen atoms in the staggered
peripheral fluorine atoms. We again compare the average valuesnonosubstituted ethanes, we find a strong relationshis (
of the charge for the negatively charged, neutral, and positively 0.996) between the charges on the gauche hydrogen atom
charged molecules. The values for the gauche fluorine atomscalculated by the NPA and AIM procedures of analysis. The
for these three charge types ar®.450+ 0.003,—0.414 + correlation for the charge on the synperiplanar hydrogen atoms
0.006, and-0.378+ 0.004 (NPA) and-0.762+ 0.002,—0.746 hasr = 0.996.
+ 0.003, and—0.728 + 0.002 (AIM), respectively. The As we found for the antiperiplanar monosubstituted ethanes
differences between the charge types are well outside theand for the 1,1,1-trifluoroethanes described above, the data in
standard deviation of the values, independent of method. ForTable 3 (Table S3) show positive charge is localized on methyl
the synperiplanar fluorine atom, the averages -a6e425 + hydrogen atoms in compounds where X carries formal positive
0.008,—0.409+ 0.010, and-0.402+ 0.010 (NPA) and-0.760 charge. Likewise, negative charge is delocalized onto the methyl
+ 0.008, —0.745 £+ 0.007, and—0.735 + 0.005 (AIM), hydrogen atoms when X is formally negative. In all instances,
respectively. The negatively charged species have the syn-we observe the gauche hydrogen atoms are more sensitive than
periplanar atom clearly more negatively charged, but the the synperiplanar hydrogen atom to a charge on X. This
positively charged species and the neutral species have overlapebservation is consistent with those made above for the eclipsed
ping ranges. The difference in the average values for the negativel,1,1-trifluoroethanes. We also observe the same behavior for
and neutral compounds is greater for the gauche fluorine atomsthe eclipsed substituted ethanes as we do for eclipsed substituted
than for the synperiplanar ones; the gauche fluorine atoms aretrifluoroethanes when Ef is changed to ER. For instance,
more sensitive to the charge of the X group, even though they the change from X= NHz"™ to X = NF3" causes the
are more remote. synperiplanar hydrogen atom to become 0.031 (NPA) or 0.053
As we noted above in the staggered conformers, the standard AIM) units more positive whereas the gauche hydrogen atoms
deviation of the averages is larger for the synperiplanar fluorine become only 0.012 (NPA) or 0.023 (AIM) units more positive.
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We find significantly less agreement between the NPA and 0.12
AIM generated charges for the methyl carbon, methylene
carbon, and methylene hydrogen atoms. Both methods of
analysis show that positively charged X give methylene
hydrogen atom charges that are more positive, and conversely 0.06 -
with negative X. There is at best a poor correlation of the
compounds with neutral X between the two methods of analysis.
Rotation about the €C bond of CZCH,X for a given X
moves charge around on the Z atoms of the; @ibup, but,
remarkably, not across the<€C bond. This is most easily seen
by computing the average of the difference between the charge
on the CH group upon changing from the staggered to the
eclipsed conformer. The values ar€.001+ 0.002 (AIM) and -0.06
0.001+ 0.005 (NPA). The same average differences for the
CF; group are—0.003+ 0.013 (AIM) and—0.003 4+ 0.002
(NPA).

0.00 | o
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The data reported above, as well as that published eétlier, _ ] ) o
allow a detailed investigation of the factors that cause variation F19ure 1. The relationship between the charge on the antiperiplanar
hydrogen atom in CECH,X and the corresponding fluorine atom in

in charge in the peripheral atoms of ethyl compounds, trifluo- CRCH,X. AIM data.
roethyl derivatives, and higher homologues. Our approach is
to treat the X group as a source of an electrostatic potential {Fg} = {0.80 + 0.04 qwe{Hg} + {—0.596 + 0.00%, r =
that influences, through space, charge at the remote sites. In0.978), reflecting a more similar polarizability for electrons in
Section 1, we discuss a qualitative model to account for the C—F and GC-H bonds.
effect of charged X on atoms of the trifluoromethyl and methyl For charged X, we have previously accounted for the charge
groups. The remaining sections use a calculation of the onremote hydrogen atoms in substituted alkanes with a through-
electrostatic potential gradient to obtain a semiquantitative space mechanisiiWe modeled this effect by determining the
prediction of the charge on the peripheral atoms. In Section 2, potential-energy gradient at the midway point of thelCbond
we outline our method and discuss a potential difficulty with along the axisof the bond. Here, we refine this analysis and
its application-the role of the methylene carbon atom. We apply apply it to the fluorine atoms of the GEroup in substituted
the model in Section 3 to some situations in which it is trifluoroethanes. Our first change is to assume the pertinent
reasonable to believe the role of the methylene carbon atomposition in the bond for motion of electrons is the critical point
can be removed from consideration by carefully chosen of the bond rather than the midway point. This assumption is
comparisons. In Sections 4 and 5, we use the model to based on the idea that a change in charge on an atom most
understand the comparison of % EFR® with X = EH likely requires a change in the boundary between that atom and
compounds and the charges on remote atoms in long chainone of its neighbors. The bond critical point defines this
compounds, respectively. Finally, in Section 6, we plunge boundary. For our qualitative argument, we assume that the sum
forward, ignore our concern for the closeness of the methylene of the charges on all atoms in X is centered on the E atom in
group, and attempt to find the limits to which our through-space X = EY, 0. The charge at E creates the potential-energy gradient
model can be stretched. at the remote carberfluorine bond. The magnitude of this

1. Qualitative Evidence for a Through-Space Perturbation gradient depends on ca@s wheref is the angle between the
by Charged Substitutents.In Figure 1, we plot the AIM charge  vector from E to the bond critical point of the-<& bond and
of the antiperiplanar fluorine atoms in trifluoroethyl compounds the C to F bond vector, and inversely on the distance between
against those of the antiperiplanar hydrogen atoms previouslythe charge and the critical point. The angular dependence causes
reported for the ethyl compounéd%.This linear relationship the antiperiplanar fluorine atom in the staggered conformers to
between the two sets of data indicates that the X group perturbshave a stronger response (greater 8pso the charge on X
the charge in the same manner, independent of whether thethan the gauche fluorine atoms in §£FH,X even though the
recipient of that perturbation is a hydrogen or a fluorine atom. antiperiplanar fluorine atom is further away from the X group.
The slope of this plotdrrm{ Fagt = {0.217+ 0.004 gue{ Hap} In the eclipsed conformers, the synperiplanar fluorine atom has
+{—0.742+ 0.00Q, r = 0.998¥° shows that the response of an unfavorable co8 compared to the gauche ones: the gauche
a fluorine atom is about one-fifth as large as that of a hydrogen fluorine atoms are more negative for negatively charged X. The
atom. Similarly, for the gauche position, the change in charge data in Tables 1 and 2 (Table S1 and S2) support this model
on the fluorine atom is about 30% of that of the hydrogen atom for the trifluoroethyl derivatives. A similar result holds for the

(arem{ Fg} = {0.290=+ 0.013 quef{ Hg} + {—0.745+ 0.00%, gauche and synperiplanar hydrogen atoms in eclipsed ethyl
r = 0.974). The AIM method therefore assigns a much higher derivatives, see Tables 3 and S3.

polarizability to electrons in a €H bond37:38 This is also We noted above that the charge on the carbon atoms of the
demonstrated in a comparison of a £C§roup with a Sik CFRs group are, in an AIM analysis, much more sensitive to the

group: the charge on the fluorine atom is only about 0.14 charge change in X than are the fluorine atoms. There is a linear
units lower in the latter whereas the hydrogen atom charge relationship between the charge on the trifluoromethyl carbon
decreases from about zero+td®.7 charge units in going from  atom and the sum of the charge on the three fluorine atoms: if
a methyl group to a silyl group. In contrast, the corresponding X increases the charge on the fluorine atoms (makes them less
NPA data show considerably larger slopgs-{ Fapp = {0.74 negative), the charge on the carbon atom also increases. This
+ 0.02 gue{Hagt + {—0.582+ 0.004, r = 0.994 andirrm- relationship holds for all 40 compounds in Tables 1 and 2; the
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TABLE 4: Charge, Distance, and Angle Data for the Ck the position of the bond critical point in-&C bonds in charged,
Group in Trifluoromethyl Substituted Ammonium lons 2 substituted alkanés.

compound  orem{C} Ru-bep® A 60°  grem{Fapt  Orev{Fg} 2. The Potential-Gradient Model. In the qualitative analysis
CF-CHo,NH5" 2156 1.86 50 —0727 —0736 presented above for % _NH3+, we assumed the posi;ive (_:har_ge
CR3(CHp)oNHz*  2.105 3.09 27 —-0736 —0.741 was centered at the nitrogen atom. In fact, chemical intuition
CR(CHy)sNHs"  2.034 5.61 30 —-0.742 —0.746 and our calculations show that the nitrogen center is charged
CFR(CHy),NHz*  2.007 519 73 —0.74F ! negatively in this group, a rather disparaging situation. Clearly,
CFs(CH2)uCH; 1.974 —0.749  —0.750 a more reasonable model should exist. We explore here a

2 Compounds hav€s symmetry except as noted; AIM chargéThe through-space model to achieve a semiquantitative accounting

distance between the nitrogen atom and the bond critical point of the of the charge variation on remote atoms. Our general model is
ngeFMbioﬁaié rli)t?(?&(\::.[c)(-l)—i?l? ;”%'ee gewéeenb% ;’S%tc(’:rofr:?(:?n:?: ig“\:\/ﬁ;’: o similar to the classical treatment of Kirkwood and Westheim-

. M—n-l s erf042 and aspects of it have been used in models to predict
the G-C;3-C4-Cs dihedral angle is 64°1 ¢ Antiperiplanar to G. f The
two rfoncsaqu‘ilvalsent fluorine gtoms have chaegeg—‘ﬁ)‘.748 (§.675 A energy change_s by T_opsé?ﬁ“ and oth_er§f5v46 WFT also call
from N) and—0.753 (5.003 A from N). attention to earlier studies of electrostatic models in hydrocarbon

systems/-48We postulate that a potential gradient is set up at

K, the bond critical point in the €Z (Z = H, F) bond by the
charges on other atoms in the molecule. This potential gradient
causes the electron density at the bond critical point in the
remote bonds to shift. The gradienta, is determined by
multiplying the charge on an atom A, by the cosine of the
angle made by the vector from the atom to the bond critical
point and the bond vector from C to Z and dividing by the
distance between the atom and the bond critical poitscy
The net potential gradieny;, is the sum of these terms over
the pertinent atoms, A, in the molecule:

0xC0s@)
Yy=)
rA—bcp

98 We assume the charge at Z will be proportional to the value of
I~ .49 In our tabulated values and in all figures, thealues are
. L . . expressed in atomic units of distance.
mgu(;_egiG?p}telTéied geometry of the twisted GEH,)NHs™ ion at In principle, this calculation is straightforward. The only
difficulty lies in the concept of the “pertinent” atoms. Examina-
linear fit, grem{ C} = (4.09+ 0.14)Zqrem{ F} + (11.2+ 0.3), tion of the compounds listed in Table 3 and in our earlier Work
r=0.979, shows the variation in carbon atom charge is four times shows that the CkK group on CHCH_X carries a charge that
that of the sum of the fluorine atom charges. This variation in seems intuitively reasonable: close to neutral when X is neutral
charge on the carbon atom in the trifluoroethyl compounds is and substantially positive or negative (order of magnitude of
in contrast to the charge of the carbon atom of the methyl group 0.8 charge units) when X is positive or negative, respectively.
of CH3CH.X, which shows little variation with X. We have A similar result is seen in the trifluoroethyl derivatives, although
investigated the distance and angular dependence of the chargéhe CHX group is more positive in this case, reflecting the
of the carbon atoms in compounds with=XNHs", see Table high ionization energy of the fluorine atoms. From this
4. The charge on the trifluoromethyl carbon atom decreases fromexamination, clearly the charge on the methylene carbon atom
2.156 to 2.034 as the number of methylene groups separatingis important in achieving these “reasonable” values. It therefore
the CR; group from the ammonium group increases from one appears that we must include the methylene carbon atom in the
to four. From the data given in the table, clearly this decrease sum to determine’. Yet this atom is so close to the methyl
is mostly due to an increase in the distance between the nitrogen(trifluoromethyl) group-the center of our focusthat we are
center and the bond critical point of thergg—Cn—1 bond3® uncertain if orbital and through-bond inductive effects are
We believe this bond is the critical one as the source of charge absent. To nullify this concern, we first attempt to examine the
variation is the rest of the molecule, not the fluorine atoms in difference in pairs of compounds in which the methylene carbon
the CK; group. To test our model further, we have examined a atom has a similar charge.

conformer of CB(CH,)sNH3" in which the G_-C3-C4-Cs 3. Comparisons Insensitive to Methylene Carbon Atom
dihedral angl&® was set at 60(minimized value of 64.9). In Charge. We have previously observed that the charge on the
this conformer, see Figure 2, the carbon atom of the @6up methylene carbon atom is approximately the same when two X
is closer to the nitrogen atom than it is in theg@nformer, but = EY, groups of differing Y but the same E are compatéH.

the value off is considerably less favorable. In our model, the we assume that in such a comparison, the varying effects of
small value of co® diminishes the effect of the positive charge. the bonding interactions, and the through-space contributions
As a consequence, the charge on this carbon atom is lesgo vy, of the methylene carbon atoms are equal, then the pertinent
positive; it is decreased toward the value characteristic ofa CF atoms in the calculation of are only those in the X group. We
group in the absence of an ammonium group, as shown by theuse this approximation to examine the methylene hydrogen atom
last entry in Table 4. This example stresses the importance ofcharges as Y is varied with constant E. We have calculated the
the angle between the bond vector and the vector from the y value at the methylene hydrogen atoms for all atoms in the
approximate center of charge to the bond critical point. This X group where X= CF;, CRH, and CFH, with the fluorine
treatment is equivalent to the one that we used to understandatom both antiperiplanar and gauche to the@ bond2° From
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Figure 3. The charge difference of the methylene hydrogen atoms !

between X= EF,Hs_n and X= EH, versus the corresponding calculated ~Figure 4. The charge on the antiperiplanar (or synperiplanar) atom
difference in the potential gradierty. The points, reading from largest ~ Minus that on the gauche atom of &EH,X versus the corresponding
Aq to smallest are CJEH,CF; compared to propane; ¥ CRs; X = differences in potential gradient, AIM data. Reading from the left,
CRH; X = SiFs; X = CFH,, with the F antiperiplanar to the methyl with eclipsed conformers indicated by an “e”, X is OH; EHF gauche
group; X= CFH, with the F gauche to the GHyroup, hydrogen atom to CH; group, gauche hydrogen atom closest to fluorine atomHCF
closest to the fluorine atom; and the same molecule, methylene Fi CFs; CH:Li; e-CHs; H; CHs; CH,F, F gauche to Ckigroup, gauche

hydrogen atom furthest from the fluorine atom. The AIM method was hydrogen furthest from fluorine; GR, with the H atom eclipsed with
used. the C-C bond; CHF, F antiperiplanar to the GHnethylene carbon

bond; e-CHLi; e-CF;; e—F; e-OH.

these values, we subtract the calculagetbr X = CHs;. We
compare these values 4fy to the difference in charge\q, of of cos6 are about the same for each of these hydrogen atoms.
the methylene hydrogen atoms upon the same substitution. InThere is an uncompensated difference in the valueApf
addition, we have determined thher andAq for SiFs/SiHz and because of the methylene hydrogen atoms. In the AIM method,
for 1,1,1,3,3,3-hexafluoropropane compared to propane. The rawhowever, the charge on these hydrogen atoms is small and they
data are given in Tables S4 (AIM) and S5 (NPA) of Supple- do not contribute much tp. When we plot values afvie{ Hap}
mentary Information. A plot of the appropriate comparisons is — ve{ Hg} and que{ Hsyd — awe{ Hg} versusAy, calculated
given in Figure 3, where the AIM data are used. The agreementwith all atoms of the CkEX group included, for all of the
is reasonable, as is a similar treatment using the NPA méfhod. compounds that we have studied, we get a plot with considerable

Our model requires thatq for the substitution of a GFgroup scatter ( = 0.83). Nevertheless, close inspection of these data
for a CHs group is independent of the rest of the molecule. shows that the scatter is caused by comparison of compounds
That this is true is shown by a plot of the charge on the of different types. If we plot only the neutral compounds=X
methylene hydrogen atoms in @EH,X versus the charge on  EY;, where E is a first-row element, we get a straight line=(
those atoms in GEHX: grem{ Hmy} = {0.96 £ 0.05} Que- 0.975). This plot is even better if the two points for=XNY »
{Hmy} + {0.055+ 0.00%, r = 0.999 (AIM). A similar result are removed. The data are presented in Figure 4; the line is
holds for the NPA data. It is also enlightening to examine the given by{ge{Hx} — a{Hg}} = {0.33+ 0.02 Ay + {0.005
components ofy to understand what effects dominate the = 0.00%,r = 0.983. We believe the Nxpoints are unreliable
calculated values. The origin of the large positi&g on the because we are unable to account for the lone pair of electrons
methylene hydrogen of % CF; is the carbon atom of the GF in our point-charge model. Two additional plots result from
group. This positive\y comes about from the large charge (1.97 consideration of all the data. For neutral compounds where E
charge units, AIM), small separation distance (3.45 A), and is a second-row element, we find a reasonable glg{ Hxp}
reasonably favorablé value (52) of this carbon atom. This ~ — gs{Hg}} = (0.11+£ 0.01)Ay — (0.0054 0.001),r = 0.962.
positive contribution toAy is only partially balanced by the  The corresponding plot for the charged materials has a somewhat
fluorine atom on the same side of the symmetry plane of the poorer correlation coefficienfoo{ Hxp} — do{Hg}} = (0.62+
molecule as the hydrogen atom, which is considerably further 0.09) Ay + (0.007+ 0.006),r = 0.884. We address the issue
away (4.58 A) and carries a negative charge smaller in of the need for three different plots in Section 6.
magnitude than the positive charge on the carbon atom. This In the NPA data, the charges on the methylene hydrogen

positive Ay leads to the positivAg. In the comparison of S§F atoms are relatively large. Nevertheless, plots of the difference
SiHs, the similarity of the charges on the various atoms insSiH in charge versus the differencejircalculated from NPA charges
with those in Sikz keepsAy small. show similar straight line relationships. The slope for charged

The effect of the methylene carbon atom may be essentially compounds is greater than that of the first-row compounds,
nullified in a comparison of the antiperiplanar and gauche which is greater than that of the second-row compounds, as
hydrogen atoms in staggered compounds and in a similarfound for the AIM data. As expected, given the linear relation-
comparison of the synperiplanar and gauche hydrogen atomsship between the charge of the fluorine atoms in the trifluo-
in the eclipsed conformers. The differencejirbetween the romethyl group and the hydrogen atoms in the methyl group,
antiperiplanar (synperiplanar) and gauche positions is ap-there are also reasonable relationships between the difference
proximately independent of the charge on the methylene carbonin charge of the antiperiplanar (synperiplanar) and gauche
atom as the carbon atom to critical point distance and the valuedfluorine atoms and the calculated values Af for the
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trifluoroethyl systems. The scatter is somewhat higher in this

case because of the small differences in fluorine atom charges.
How do the various atoms contributet@ The value oAy

for CFRs is negative. The carbon atom of the £Broup

contributes 0.29 electron boHrto y of the antiperiplanar

0.04 12 4

hydrogen atom, over twice as much as it does to the gauche "g 003
one. This occurs even though the carbon atom is further away P

from the former because of the significantly more favorable i

value for the antiperiplanar hydrogen atom {B6ompared to P o002 F
that for the gauche (72 All three fluorine atoms are at 2
reasonably favorable angles to the antiperiplanar hydrogen atom I,

and nearly completely compensate for the effect of the carbon Llj

atom by generating a contributionoof —0.27 electron boht. ° o1 k-

The C—H bond of the gauche hydrogen atom is much closer to
perpendicular to the vectors from the fluorine atoms, which
lowers the totaly for these fluorine atoms te-0.06 electron
bohr, thereby allowing the effect of the carbon atom to 0.00 L ! ! !
dominate at the gauche hydrogen atom. This makgs- yq 0.02 0.00 0.02 0.04 0.06 0.08
negative. The most positive valuesAj are those of eclipsed A

X = F and X = OH. For the former, the fluorine atom !
contributes little to the synperiplanar hydrogen becausedthe Figure 5. A plot of the difference in charge of the various hydrogen
value is 87. Thus, both kinds of hydrogen atoms have positive 20MS in the methyl group upon the replacement of af EFyHs—n

S group with an X= EHs group versus the corresponding change in the
contributions from the methylene carbon atom, but only the potential gradienty. The data points are, with eclipsed conformers

gauche hydrogen atoms have corresponding negative valuésndicated by an “e”, X= CH,F with fluorine atom gauche to GH

from the fluorine atom. Accordinglysyn — y4 is very positive. methylene carbon bond, 1 is ap, 2 and 3, g; with fluorine atom
4. The EH//EF, Replacement: A Through-Space Dipolar ?:r:_t'i'gzerépIznaratr?dCYber?t)f(E/lecné cgrt;on gggdé 4v.a)F(’; acnﬂFE;vat:hX

Effe(_:t. Prewously, .We reportéd that X groups containing hydro’gein aﬁbm ecli[,)s%d with thé @mg’thylene'cg}bon bond, 10, ap,

fluorine atoms_ within about 2.7 A of hydrogen atoms on the and 11, g; X= e-CR, 12, syn, and 13, g; X SiFs, 14, ap, and 15, g:

methyl group in CHCH,X cause those hydrogen atoms to be x = e-SiR, 16, syn, and 17, g.

more positively charged. This effect is also present for the

fluorine atoms of the trifluoroethyl compounds. The Z atoms considered the NpNF; pair for reasons given above. Each of
in the CZ group of staggered or eclisped §&ZH,X become  the first five and the antiperiplanar % CH,F compound have
more positive when X= EY%is changed from Y=Hto Y = two nonequivalent H atoms in the methyl group. The gauche X
F, but the gauche atoms are influenced more than the anti-= CH,F species have three nonequivalent H atoms. Fer X
periplanar ones in the staggered conformer, and the synperipla(;;:nH(}n), we use the corresponding conformers ofXCHs
nar are influenced more than the gauche in the eclipsed as a comparison; for SiFwe use the corresponding conformers
conformer. These observations are true for every pai/EH  of SiH;. We present the data in Figure 5 for the AIM method
EFR., independent oh or g, for both Z= H and Z= F. of analysis. This plot is described by the relationspip ¢
Although the magnitude of the changes in charge are small, {Hy} — qv—p{Hwue}} ={0.37+ 0.04 Ay + {0.009+ 0.003,
especially with Z= F, the generality is impressive. In this = (0.944, for AIM data. We find gy=r{ Hve} — Ov=n{Hwe}}
section, we use the potential-gradient model to understand this= {0.27 + 0.03 Ay + {0.002+ 0.00%, r = 0.940 for NPA
phenomenon. data. These data establish that the potential-gradient model
When this feature was originally observed for=ZH, it was accounts for the charge variation in the £groups as X is
thought that it might be a specific interaction between the varied from EH to EFR,.
fluorine atoms in X and the hydrogen atoms in the methyl  For charged X, we have two pairs of EHEF if we neglect
group?52but the observation of a similar phenomenon for Z the X = CH, /CF,~ couple because the lone pairs play a
= F requires an explanation general enough for both Z's. We disruptive role. These two pairs yield eight data points. These
suggest a dipolar interaction involving the—E bond is fall on a straight line (AIM data) governed by the equation
responsible. One method of dealing with this interaction would {qgy—g{Hwe} — qy=n{Hwme}} = {0.65+ 0.03 Ay + {0.006+
be to use the classical dipole/dipole interaction equéafiéf. 0.00%, r = 0.994. The NPA data show more scattigy—¢-
Given that we have calculated charges on all the atoms of the{Hye} — dy=n{Hwme}} ={0.344 0.03 Ay + {0.002+ 0.003,
CHzX group, it appears more straightforward to calculate the r = 0.955, with all data points included. As we found in the
through-space potential gradient of each atom in theXGjioup last section, the slope of plots involving charged compounds
and to compare the for an X = EFR, group with that for an X are larger than those of neutral compounds.
= EH, group. This comparison removes most of the effect of 5 | ong-Range Effects in Charged CompoundsWe have
the methylene carbon atom, as the charge on this atom is mostlygualitatively rationalized the charges on the methyl hydrogen
determined by the nature of E and not by the Iigands attachedatoms of |Ong chain Compoun&We now app|y the potentia|_
to it,'® and the distance and values of a methylene carbon  gradient model to the charge on the fluorine atoms of trifluo-
atom are about the same at the methyl hydrogen atoms. romethyl groups remote from a perturbing charge induced by
We first consider the neutral GBH,X compounds. There  the NH;™ group. We calculate, assuming it is generated by
are eight neutral compounds in which anioup is replaced  the charges of the atoms of the @Hgroup, for staggered and
by an ERHz-n) group: staggered and eclipsedGiad Sik, eclipsed CECH,NH3* as well as for two antiperiplanar, longer
staggered CHJ and staggered CHH with the fluorine atom chain compounds, GFCH,),NHs", n= 2, 4, and for the twisted
antiperiplanar or gauche to the, @, bond3® We have not conformer withn = 4 resulting in a total of eleven different
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TABLE 5: Value of Atomic Contributions to the Potential
Gradient at Fluorine Atoms in Substituted Ammonium lons?

Nolan and Linck

bonds that we have studied. This gives rise to a reversal in the
sign ofy. Indeed, the charge on this fluorine atom-6.753,

compound/F  In—pe  ONC 7N yrd ye y more negative than any fluorine atom in any ammonium
CF:CHoNH5" derivative and even more negative than fluorine atoms ig CF
Fap 530 29.5-0.2022 0.2286 0.0715 0.1148 CHCHs. Once again, this stresses the importancefah
9 469 80.6-0.0426 0.0169 0.0711 0.0760 determining the charge on the peripheral atoms. Although the
e-CRCH.NHz" net values ofy are the result of the difference between large
Fsyn 458 94.9-0.0227 —0.0640 0.0683 0.0631 . A
Fy 520 494 -01527 01645 0.0691 0.1019 numbt_a_rs, see Table 5, the reasonable correlation shown in Figure
CFa(CHp)aNH5* 6 testifies to the success of the model.
Fap 7.80 436-0.1118 0.1195 0.0525 0.0825 An analogous plot using charges derived from the NPA
CFs(CI-I|:§)4NH3+ 741 75000421 00488 00126 0.0200  eihoq s linear for the. fluorine atoms in stagggred aqd eglipsed
Fap 1258 405-0.0728 0.0839 0.0271 0.0505 CFRCH:NH3™. The points for the longer chain derivatives,
Fy 12,11 79.1-0.0188 0.0239 0.0043 0.0101 however, fall off this line. Examination of the charges on the
CF3(CHg)aNHz"® four kinds of atoms used to generate the potential-energy
EZ ié:}lg ég:g :8:(1)833 gzéﬁi 8:88% 8:882; gradient,y, indicates the cause of the deviation is the sign of
= 1006 1153 0.0512-0.0690 —0.0070 —0.0260 the charge of the methylene carbon atom. Whereas the charges

aThe compounds hav€s symmetry unless otherwise noted. The
total potential gradient is composed of a contribution from the
methylene hydrogen atoms as well as those listed in the talblee
distance from the nitrogen atom to the bond critical point of the
indicated carbonfluorine bond in atomic unitst The angle the vector
from the nitrogen atom to the bond critical point makes with the carbon-
to-fluorine bond vector Sum of the contribution from the three
hydrogen atoms attached to the nitrogen atbihis molecule is twisted
as indicated in the text.

-0.725

-0.735

Grem{F}

-0.745

-0.755

-0.03 0.02 0.07 0.12

Y
Figure 6. The correlation between the charge on fluorine atoms in
various trifluoromethyl compounds containing an ammonium group and
the calculated potential gradient at the Ecritical point. Reading from
the left, the data points are Bf the twisted conformer of GFCH,),-
NHs*, see Figure 2; fof the twisted butane; Jof Cs conformer of
CF‘3(CH2)4NH3+; Fg of CF‘a(CHz)zNHaJr; Fap of CF3(CH2)4NH3+; Fsyn
of X = e-NH;™; F, of twisted CR(CH)sNHs"; Fg of X = NHs"; Fap
of CR(CH,)2NHs"; Fy of X = e-NHs*; Fap of X = NH3™.

of the nitrogen atom, the three hydrogen atoms attached to it,
and the hydrogen atoms at the methylene carbon center are
roughlyequivalent in the two methods of analysis, the methylene
carbon atom charge differs significantly and in sign: 0.42 (AIM)
and—0.30 (NPA). This does not affect the relative values of

for the four kinds of fluorine atoms in staggered and eclipsed
trifluoroethyl derivatives because the structures of these com-
pounds require that the methylene carbon atom influences these
atoms roughly equally. But this large charge difference between
the two methods of charge analysis has a drastic effect on the
field at the fluorine atoms in the long-chain compounds. Reed
and Weinhol& have discussed the large negative charge on
carbon atoms in alkanes in the NPA model. They argue that
dipolar distributions caused by the hybridization used in the
technique will alter properties generated by this charge, such
as molecular dipole¥ Presumably, such effects will also
influence the interactions that we are attempting to model.

A similar treatment can be applied to the methyl hydrogen
atoms of CHCH,NH3™, in both staggered and eclipsed con-
formations, and to all of the hydrogen atoms other than those
on G of hexylammonium ion and a twisted pentylammonium
ion.’® We again use all the atoms in the @Hgroup as the
source of the perturbation and examine the correlation between
the y value and the charge on these atoms. The data (AIM
analysis) for all the hydrogen atoms follows the relationship
a{ Hveimy} = {0.92+ 0.09 y + {—0.034+ 0.003, r = 0.923.
Three of the four points for the ethyl derivatives fall above this
line. Removing the ethyl derivatives from the plot, we find
a{ Huemyt = {0.75+ 0.0% + {—0.033+ 0.003, r = 0.949.

This may be an example of the methylene carbon atom
influencing atoms on the methyl group via factors other than
simple electrostatic interactiod%%” The data without the ethyl
derivatives are shown in Figure 7.

6. A General Potential-Gradient Model. Throughout our
application of the potential-gradient model for charge on
peripheral atoms of substituted ethanes and trifluoroethanes, we

fluorine atom environments. In the last three compounds, both have been concerned about how to minimize the role of the
the distances and angles vary significantly. The data for thesemethylene carbon atom on the electrons in theZCbonds.

calculations with the AIM method are given in Table 5. In these Although we expect considerably more scatter with direct
data there is no attempt to compensate for the methylene carbornnclusion of the methylene carbon atoms in the model, we
atoms. In Figure 6, we plot the charge on the remote fluorine believe it is an exercise worth pursuing. A plot of the charge

atoms versug. The resulting straight line is given lgtem{ F}
= (0.16+ 0.02)y — (0.748+ 0.001),r = 0.961. The effect of
distance can clearly be seen in the values fog(CH)4sNH3™
wherey is small. In the twisted conformer of GEH;)4NH3™,

on the hydrogen atoms of the methyl group versusthalue
calculated from the charge, distance, and angle of each atom of
the CHX group for all the compounds that we have studied
shows considerable scatter. If we restrict our consideration to

there are three nonequivalent fluorine atoms which we label neutral compounds of the type X EY,, in which E is a first-

Fa, Fo, and F, see Figure 2. The €F. bond points more or
less toward the ammonium group, in contrast to all otheiFC

row element, there is a reasonable relationship between charge
on the hydrogen atoms and the calculagedalue. Since X=
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0.05 is not so well establishedgs{ H} = {0.27+ 0.04 + {—0.005

o + 0.002 y, r = 0.900. Nevertheless, some puzzling data are
accommodated by this relationship: The gauche hydrogen atom
with X = SOF in the staggered configuration has a charge
more positive than that of X= NH3™. This atom has a large
positivey that arises from a very positive sulfur atom. The sulfur
atom also contributes positively to theof the antiperiplanar
hydrogen atom, but the two oxygen atoms act very strongly on
this hydrogen atom in a negative direction. These effects cancel
each other for the antiperiplanar hydrogen atom but do not do
so for the gauche ones.

The charged species also have a different functional relation-
ship between the charge and the calculated valug. Gfhat
relationship isqo{ H} = {0.87+ 0.06 + {—0.020+ 0.003
y, r =0.932 for 30 entries with AIM chargegyd{ H} = {0.43
o | 1 + 0.02 + {0.238+ 0.002 y, r = 0.970, NPA) including the

-0.07 X = CY2~ compounds, X= O™, and X= PH;*. For the last
-0.05 0.00 y 0.05 0.10 two entries, the points fall off the line in both methods of
Figure 7. The correlation between the charge on hydrogen atoms in @nalysis. If these two compounds are removed, the relationships

hexylammonium ion and a twisted pentylammonium ion versus the arede{H} ={0.87+ 0.04 + {—0.0184+ 0.003 y,r =0.970,
calculated potential gradient at the-€& bond. The two data points ~ AIM, and gof H} = {0.42+ 0.0%} + {0.238+ 0.00%} y,r =
with negativey are those in which the value éfis greater than 90 0.985, NPA.
H5 and H7, see Figure 3 of ref 18. We observe different slopes for % EY,9 whenq is +1 or
0.04 —1 compared t@ = 0 and when E is a first-row element rather
than a second-row element. The different slopes in the latter
o situation may be a function of the extra shell of electrons in
the second-row elements. The portionjothat originates on
the X atoms has more electron density between it and the methyl
hydrogen atoms as a result of the added shell. This extra electron
density attenuates the potential gradient. In a simplistic fashion,
those X which generate a positive should have, with
attenuation, a smaller positive value than we calculate, and those
X that produce a negative should have a smaller negative
value. Accordingly, the slope of a charge vergysot is slightly
lower than such a plot with first-row elements. For the charged
compounds, all but one pair of which have first-row elements
attached to the methylene carbon atom, the slope of charge
versusy is significantly larger than the neutrals. We suggest
this may occur because the charge we are using to comypute
© is the charge when electron density has reached its final state.
-0.06 Significantly more charge is shifted from the @dgroup to
-0.04 0.00 0.04 0.08 0.12 the rest of the molecule for charged X than for neutral X. Before
¥ that charge is dissipated from the @Hgroup, the potential
Figure 8. The charge on hydrogen atoms in neutral sCHxX gradient is significantly higher. This leads to a greater charge
(staggered and eclipsed), where=XEY, and E is a first-row element,  on the peripheral atoms than tlrecomputed from the final-
versus the _calct_;l_atec_j pote_ntia_l _gradient from all atoms of thQ)CH state electron density would suggest.
group. For identification of individual data points see Table S4 in the c uSi W tth ted ch by the AIM
Supporting Information. onclusions.We present the computed charges by the
and NPA methods on the Z atoms in §CH,X, (Z = F, H) in
NH, and X = NF, make the plot considerably less linear for alarge number of substituted alkanes in both the staggered and
reasons mentioned above, we remove these points fromeclipsed conformations. The effect of X on the charge on Z is
consideration. The equation describing the datasH} = parallel for the two different Z atoms. We present and
{0.43+0.03 +{—0.0274 0.003 y,r = 0.933, and the data  successfully test a semiquantitative electrostatic, through-space,
are shown in Figure 8. Given that the points include compounds potential-gradient model to account for the relative charges on
with X = F and X= OH, where the role of the methylene the Z atoms induced by the charges on the atoms in theXxCH
carbon atom is critically important, the agreement seems quite fragment. Our model uses the bond critical point as the point
reasonable. The very high positive charges on the synperiplanarof application of a potential-energy gradient. The agreement
hydrogen atom of eclipsed X% F and eclipsed %= OH are between the charge predicted by the potential gradient and that
caused by the positive methylene carbon atom. Neither the Fcalculated by either the AIM or NPA method is satisfactory.
nor the O or H of the OH group are effective becauséof =~ We have applied the electrostatic model cautiously because it
values near 90 despite their closeness to the synperiplanar seems to us that point-charge electrostatic effects cannot
hydrogen atom. dominate the interactions between atoms that are attached to
As discussed above, the compounds witkF)EY, where E each other, nor can the charge on the hydrogen (fluorine) atoms
is a second-row element form a separate line. The number ofof the methyl (trifluoromethyl) group be dictated solely by the
data points is somewhat limited here, and the linear relationshipfinal charge of the atoms in the X group, as molecular charge
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is conserved. Nevertheless, the success that the model has imlkylammonium ions (S6). This material is available free of
accounting for the difference in charge between an antiperiplanarcharge via the Internet at http://pubs.acs.org.
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