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Calculating F-F spin—spin coupling constants across hydrogen bonds has represented a significant challenge
to theory. In this study, ab initio calculations have been carried out to evaluate vibrational effects etithe F
spin—spin coupling constan?U-_r) for FHF. The coupling-constant surfaé&-_r was generated at EOM-
CCsD/(gzp,qz2p), and two-dimensional wave functions for the symmetric and asymmetric stretching vibrations
were obtained from the CCSD(T)/dute-pVTZ potential surface. The effect of the FHBending mode was
examined using one-dimensional calculations along the normal coordinate for the bending motion. Although
2nJ-_r is dominated by the Fermi-contact term in the region of the surface surrounding the equilibrium structure,
the paramagnetic spiorbit and spin dipole terms are important in determining the absolute vaRg-of.

In the ground vibrational state, the expectation value of thé- Flistance increases, and the expectation
value of?"J-_¢ decreases to 212.7 Hz, significantly less than the equilibrium value of 254.4 Hz. This decrease
is due primarily to a decrease in the expectation value of the Fermi-contact term. The ground-state expectation
value of the F-F coupling constant is consistent with an experimental estimate of 220 Hz, obtained by
extrapolation of experimental values #f-_¢ for larger clusters of [F(HF)~. For FDF, the expectation

value of 2"J-_¢ in the ground vibrational state is 223.1 Hz. Thermal vibrational averaging at 298 K over
lower-energy excited vibrational states has essentially no effeétiprt.

Introduction stretching vibrations of FHFare 595 and 1476 cm, respec-

| f. dv of XY spi . i tively, in agreement with the gas-phase values of 583 and 1331
2th our first s)t:Hy \?h a spw;)—srég] coupling gogs.t?r_“s cm™1, respectively, although the computed asymmetric stretch-
(*Jx-v) across X-H—Y hydrogen bondSwe reported abinitio ¢ fraquency is 145 crt higher than the experimental value.
EOM-C(ESD FF coupling constants for the_ anionic complexes For FDF, the computed asymmetric stretching frequency is
[F(HF) ™, n - 1-4. The computeq coupling constants were 154 cnTl, compared to gas-phase and Ar matrix values of 934
found to be in good agreement with the experimental values and 965 cm, respectively7 In the present study, we have
without any rescaling of the computed values. This is in contrast used the vfbrational wave functions obtained, from the
to the computed SOS-DFT coupling constants, which had to CCSD(T)/auycc-pVTZ potential surface for FHFand FDF
be rescaled by 21(,) Hzlt was also notetithat the computed to evaluate zero-point and thermal vibrational averaging effects
EOM-CCSD coupling constants were always greater than the at 298 K on?"Je_r. We have also examined the effect of the
experimental values, with differences larger than anticipated at bending mode oAJ-_r using a one-dimensional treatment of
this level when compared to coupling constants involving C this vibration. Vibrational effects on NMR properties of some

and N. At that time, we suggested that these differences might olvatomic molecules have been reported by Oddershede et
well be due to zero-point vibrational effects. Although theR- gl 83_/10 P y

coupling constant in FHFcannot be measured experimentally,

Limbach et al. have estimated a value of approximately 220 Méthods o _

Hz from consideration of £F couplings in [F(HR)]~, for n > The structure of FHF was optimized using the coupled
1. They also suggested that vibrational averaging may be cluster singles and doubles with noniterative triples [CCSD-
important in determining"Je_¢.? Since there is a difference ~ (T)I**?level of theory with Dunning’s polarized valence triple-
between correcting for zero-point vibrational effects and SPlit basis set augmented with diffuse functions on F auog
vibrational averaging over the vibrational wave functions of all PVTZ)-**"** A two-dimensional CCSD(T) potential surface was

states populated at a given temperature, both will be investigateddenerated in the coordinates,fH and k—H, and two-
in this study. dimensional Schminger equations were solved to obtain

In a previous paper on anharmonicity effects on stretching anharmon_ic eigenva_lues and eigenvectors for the symme_tric and
frequencies, we reported a detailed study of the bihalide ions asymmetric stretching modes of FHFano! FDF . Details
XHX -, for X = F, Cl. and Br, and of their deuterated ana- Cc°ncerning the generation of th.e pqtentlall surface .and the
loguest In that work, a two-dimensional treatment of vibration procedures used to obtain the vibrational eigenfunctions and

in the coordinates ¥-H and X—H was performed, and an- eigfnvglLfs are repcl)_rted elsewhtre. ; in th di
harmonic eigenvalues and eigenvectors were obtained. Thes HSp'nd splanoup mg-const(;;\nt sur ar\]ce In the cocf)r inates
studies were done at various levels of theory, including CCSD- 2 @n h—H was computed using the equation-of-motion
(T)/aug-cc-pVTZ. At this level, the computed anharmonic coupled cluster singles and doubles (EOM-CCSD) method in

: o : the Cl-like approximatiod®-1° with the (qzp, qz2p) basis set
frequencies for the symmetric (dimer) and asymmetric (proton . . .
quenc y ic (dimer) y ic (p ) of Ahlrichs et al?° Unlike coupling constant8hJy_y across

Younastown State Universit N—H—-N, N—H-0O, O—H-0, and C-H—N hydrogen bonds
*Univegrsity of Florida. v which are determined solely by the Fermi-contact tétm?
8 University of Sydney. 2h3-_r has nonnegligible contributions from the paramagnetic
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TABLE 1: 2J-_r and Components ofJ as Functions of the 1600 ;

F—H Distance in D, Structures of FHF 2
1400
R(F—H) PSC DSOP FCP SDP 2hge .
0.80 —209.3 -19 3991.1 1.1 3781.0 1200 - \
0.85 —222.3 -1.6 2914.1 3.0 2693.2
0.90 —228.6 -1.3 2134.8 5.1 1910.0 1000 4
0.95 —230.0 —-1.0 1558.3 8.0 1335.3
1.00 —227.7 —-0.8 1129.2 12.0 912.7 N800 |
1.05 —222.6 -0.7 810.9 17.0 604.6
1.10 —2154 —0.6 577.2 23.2 384.4
1.15 —206.9 -0.5 407.8 30.5 230.9 600
1.20 —-197.4 -0.4 287.0 38.7 127.9
1.25 —187.4 -0.3 202.2 47.8 62.3 400 4
1.30 —=177.2 —-0.3 143.9 57.9 24.3
1.35 —167.0 —-0.2 104.5 68.7 6.0 200
a 203 and components of in Hertz; F—H distances in A? The o , ‘ ‘ ‘ ‘ : ‘ .
terms which contribute to the total spispin coupling constant are 190 200 240 220 230 240 250 260 270
the paramagnetic spirorbit (PSO), diamagnetic spirorbit (DSO), F-F (A)

Fermi-contact (FC), and spin dipole (SD). Figure 1. Fermi-contact term<®) and2"J-_¢ (O) plotted against the

] ] ) o F—F distance for structures with.]p symmetry.
spin—orbit (PSO), Fermi-contact (FC), and spin dipole (SD)

terms?>-27 Thus, all terms [including the diamagnetic spin
orbit (DSO) term which is very small] were evaluated in order
to construct the spiaspin coupling-constant surface. Surfaces
for the components af, except for the diamagnetic sptorbit
surface, were also constructed. The ab initio grid for these
surfaces was generated by varying the R distance from 0.80
to 1.30 A in steps of 0.10 A, and then varying the-F distance
from the particular value of the,FH distance to that distance
plus 1.40 A, in steps of 0.10 A. The global coupling-constant
surfaces were constructed from the ab initio data points
analogously to the potential surface. The sensitivity of the
calculations to the procedures used to generate these surfaces
was examined. The variation in2"J-_> and its components
did not exceed 0.01 Hz, a confirmation that the ab initio data \
points span the appropriate regions:HF distances and +F 0.8 1.0 12 1.4 1.6 18
coupling constants in ground and excited vibrational states were )
computed as expectation values using the vibrational wave F,-H distance (Angs)
functions for FHF obtained from the CCSD(T)/atgc-pVTZ Figure 2. Square of the ground-state vibrational wave function
potential surface. Distances and coupling constants in the superimposed on the CCSD(T)/&ag-pVTZ potential surface, taken
vibrational states of FDFwere evaluated as expectation values from an earlier study.Contours are at 0.0005, 0.001, 0.0025, 0.005,
from the vibrational wave functions for this anion. A similar -0, 0.02, 0.03, and 0.04,&bove the global minimum energy. The
approach for evaluating vibrational effects has been reported cross corresponds to the equilibrium structure.
in a study of N-N coupling constants in CN++NCH .28 Figure 1 tha€"Jr_r is determined primarily by the Fermi-contact
A one-dimensional potential curve and a one-dimensional term, although both the paramagnetic spambit and spin dipole
curve for the F-F spin-spin coupling constant were generated terms are important for determining the absolute valuJf .
from the normal coordinate vector for the bending mode of What is also apparent from Figure 1 is that at very sherEF
FHF~. The expectation value af in the ground and lower  distances mcludlng the region _surroundmg the equilibrium
excited vibrational states of this mode were computed from the Structure, the Fermi-contact term is extremely large and changes
corresponding vibrational wave functions. approximately exponentially with # distance. As a result,
The data points required to generate the two-dimensional e computed spirspin coupling constant for the equilibrium
potential surface and the coupling-constant surfaces in theStructure is very sensitive to the—F distance. For the
stretching modes, and the one-dimensional potential curve angequilibrium structure, RF—F) is 2.282 A, and"J¢_¢ has a value
the corresponding spirspin coupling-constant curve for the of 2_54'4 Hz.
bend mode, were computed using &@ES llprogram?® These Flgu_res 2 and 3 present_plots of t_he square of the grou_nd-
calculations were carried out on the Cray SV1 computer at the state vibrational wave function superimposed on the potential-

Ohio Supercomputer Center and the computing facilities at the €N€rgy surface and the coupling-constant surface, respectively.
University of Sydney. In both figures, the equilibrium structure is represented by a

cross. The anion FHFis tightly bound, with a CCSD(T)/alg
cc-pVTZ binding energy of-44.6 kcal/mol relative to HF and
F—. The equilibrium FF distance in FHF is short, and as is
evident from Figure 2, the repulsive walls on the potential
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Results and Discussion

Table 1 presents values of the paramagnetic -spibit,

diamagnetic spirrorbit, Fermi-contact, and spin dipole terms,
as well as totat"Jg_r, for FHF™ structures with Ry symmetry
as a function of the +H distance. Figure 1 presents a plot of
the Fermi-contact term arflJr_r along cuts through the Fermi-

surface are very steep. This pushes the wave function to larger
H—F and FF distances than the equilibrium values, as evident
from both Figures 2 and 3. What is crucial is the extremely
large magnitude of the Fermi-contact term at shortFF

contact and coupling-constant surfaces that correspond todistances. Any shift to longer distances causes a large decrease

structures with Ry symmetry. It is apparent from Table 1 and

in the value of the Fermi-contact term and a correspondingly
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Figure 3. Square of the ground-state vibrational wave function
superimposed on th&J-_r surface. The cross corresponds to the
equilibrium structure. Contour values, in Hertz, are indicated. Over the
range of chemical interes€"Jr_r decreases with increasing—F
distance. At larger distances, it increases as the-gfippole term
dominates. At very large distanceé&)-—r goes to zero.

TABLE 2: Properties of FHF ~ in Ground and Excited
Vibrational States?

statd

frequency <H-F>¢ PSC FCd  spd

Ground and Excited Vibrational States of the Symmetric
Stretching Mode

< ZhJF—F>e

(0,0) 1.158 —196.4 3805 29.1 212.7
(1,0) 594.9 1.165 —194.3 377.7 29.9 212.8
(2,0) 1179.7 1.171 —191.8 374.2 305 212.4
(3,0) 1753.1 1.178 —188.9 369.0 31.1 210.8
(4,0) 2311.1 1.186 —185.1 362.0 315 207.9
(5,0) 2849.9 1.196 —180.2 3519 315 202.7
Excited Vibrational States of the Asymmetric Stretching Mode
0,1) 1476.0 1.190 —175.0 2919 28.2 144.7
Excited Vibrational States in which Both Modes Are Excited
1,1) 2006.6 1.198 —171.9 2885 28.6 144.8
(2,1) 2524.8 1.205 —1685 284.4 289 144.3
At Equilibrium
Re(H—F) PSO FC SD e ¢
1.141 —208.5 434.3 29.1 254.4

aFrequencies in inverse centimeters; distances in angstberg]
components ofl in Hertz.® The notation i(j) indicatesi quanta of
energy in the symmetric stretch anguanta of energy in the asymmetric
stretch.c The expectation value of the-H- distance The expectation
values of the components of J. See Table®The <DSO> is
approximately—0.5 Hz in all cases.

large decrease #Jr_r. This can be seen from the data of Table
2. At the equilibrium FF distance of 2.282 A, the Fermi-
contact term is 434.3 Hz, the paramagnetic sgirbit term is
—208.5 Hz, and"Je_¢ is 254.4 Hz. In the ground vibrational
state [the (0,0) state in Table 2], the expectation value of the
F—F distance increases to 2.316 A, the paramagnetic-spin
orbital term increases by 12.1 Hz, but the Fermi-contact term
decreases by 53.8 Hz. As a resw&J-_r> decreases by 41.7
Hz to 212.7 Hz. This rather dramatic change in the coupling
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vibrational states of FHF. Excitation of the symmetric stretch-
ing mode (the FF stretch) leads to increases in the expectation
value of the F-F distance, as expected. In Figure 3, this mode
corresponds to motion along the diagonal which maintaigs D
symmetry. As apparent from Table 2, there is little change in
<23 > in the low-energy excited states of the symmetric
stretching mode. Although the Fermi-contact term decreases as
<F—H> increases, this decrease is balanced by increases in
the paramagnetic spirorbit and spin dipole terms. Moreover,
the lower-energy vibrational states of FHEre relatively high

in energy compared to the dimer vibrational states of other
hydrogen-bonded complexes. As a result, they are not signifi-
cantly populated at room temperature, and vibrational averaging
has essentially no effect 3AJr_r. This result is in contrast to

the results of our study of zero-point and vibrational averaging
effects at 298 K in CNH-NCH, where thermal vibrational
averaging was found to be important in determinfgy—_y.28

It is apparent from Table 2 that2"Jr_> decreases signifi-
cantly in the first excited state of the asymmetric (proton) stretch.
Excitation of this mode leads to a large increase<id—F>
and produces a structure with a proton-shared but not symmetric
hydrogen bond®3*We have already observed that complexes
with symmetric hydrogen bonds have larger coupling constants
than corresponding complexes in which the hydrogen bond is
proton-shared but not symmet#t:24 Thus, in the first excited
state of the asymmetric stretchkH—F> increases by 0.032 A
relative to the ground vibrational state, the Fermi-contact term
decreases by 89 Hz, but the paramagnetic -spibit term
increases by only 21 Hz. As a resutt?J-_r> decreases to
144.7 Hz. Because the first excited vibrational state of the
asymmetric stretch is 1476 em above the ground state,
vibrational averaging at 298 K has essentially no effect on
Zh\]FfF-

The third vibrational mode in FHFis the doubly degenerate
bending mode. Because of the large difference in mass between
hydrogen and fluorine atoms, the bending vibration principally
involves motion of the hydrogen atom, and there is very little
change in the FF distance. Indeed, in the harmonic ap-
proximation, the FF distance remains constant. As a result,
the bending motion is expected to have little effect on the value
of 2"Je_¢. This is confirmed by one-dimensional calculations
carried out along the normal mode displacement vector for the
bending motion. In the ground vibrational state of the bending
mode, <2\Jr_g> is 253.2 Hz, very similar to the equilibrium
value of 254.4 Hz. The expectation values of the coupling
constant decrease slightly in the excited states of the bending
mode. For examples2'J-_¢> for the first and second excited
states of this mode are 250.8 and 248.3 Hz, respectively.
However, because the bending mode is also a relatively high
frequency vibration, vibrational averaging at 298 K has es-
sentially no effect orf"J-_r.

Table 3 presents anharmonic symmetric and asymmetric
stretching frequenciessD—F>, and<2Jz_g> for FDF~. The
<F—F> in the ground vibrational state of FDHs 2.310 A,

constant does, indeed, account for the difference between thewhich is, as expected, slightly shorter than the distance of 2.316

computed FF coupling constant for the equilibrium structure
of FHF~ and the experimental estimate of Limbach et al. of
about 220 Hz. The value of'J-_¢ interpolated from the
coupling-constant surface atf bond lengths of 1.158 A is
211.4 Hz, within 1% of the expectation value.

What effect does vibrational averaging at 298 K have on the
value of2"J-_g? Table 2 reports expectation values of theH
distance and totall and components of in lower-energy

A'in FHF~. As a result,<2"J-_¢> in the ground vibrational
state of FDF is 223.1 Hz, 10.4 Hz greater than the ground-
state value for FHF, but significantly less than the value of
254.4 Hz for the equilibrium structure. Deuterium substitution
has only a small effect on the frequencies of the symmetric
stretch, but a much larger effect on the asymmetric stretching
frequencies, as seen in Table 3. However, the excited states are
still relatively high in energy, and vibrational averaging over
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TABLE 3: Properties of FDF~ in Ground and Excited
Vibrational States?

statd frequency <D—F>¢

Ground and Excited Vibrational States of the Symmetric
Stretching Mode

< 2hJF_F>

(0,0 1.155 223.1
(1,0) 600.5 1.160 222.6
(2,0) 1188.3 1.167 221.0
(3,0) 1758.3 1.176 216.2
(4,0) 2310.2 1.187 203.0
Excited Vibrational States of the Asymmetric Stretching Mode

(0,1) 1022.6 . .

0,2) 2198.8 1.194 141.6

Excited Vibrational States in which Both Modes Are Excited

(1,1) 1568.9 . 167.4
(2,1) 2100.0 1.194 165.6
(3,1) 2613.7 1.203 162.8

aFrequencies in inverse centimeters; distances in angstroms} and

in Hertz.®? The notation i(j) indicatesi quanta of energy in the
symmetric stretch anflquanta of energy in the asymmetric stretch.
¢ Expectation value of the BF distance.

these states at 298 K has essentially no effect on the value o

the F—F coupling constant in FDF

Conclusions

In this study, vibrational effects on the—F spin—spin
coupling constant 2J-_g) in FHF- and FDF have been

evaluated from the EOM-CCSD/(gzp,qz2p) coupling-constant
surface using vibrational wave functions obtained for these

anions from the CCSD(T)/aligc-pVTZ potential surface. The
following statements are supported by these calculations.
(1) Relative to the equilibrium +F distance, the expectation

value of this distance increases in the ground vibrational stat
and in the excited vibrational states of the symmetric (dimer)

and asymmetric (proton) stretching modes.

(2) In the region of the equilibrium structure, the'F distance
is very short, an@"J-_r is dominated by the Fermi-contact term,
although both the paramagnetic spiorbit and spin dipole terms
are important in determining the absolute value’gf_r.

(3) In the ground vibrational state of FHFthe expectation
value of the F-F distance increases, afidr_g decreases from
its equilibrium value of 254.4 Hz to 212.7 Hz. This value of

the coupling constant is in reasonable agreement with an

extrapolated experimental value of about 220 Hz.

(4) In the excited vibrational states of the symmetric stretching

mode, the expectation value of the-F distance increases, but
the expectation value ¢fJ-_¢ is essentially unchanged. This

Del Bene et al.

energy, and thermal vibrational averaging at 298 K led\ds
essentially unchanged.

(7) The expectation value of the-fF coupling constant in
the ground vibrational state of FDHRs also significantly less
than the equilibrium value, but larger than the ground-state
coupling constant of FHF. Vibrational averaging at 298 K over
low-energy excited vibrational states of FDRlso has es-
sentially no effect orf"J-_g.
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