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The QCISD and QCISD(T) quantum chemical methods have been used to characterize the energetics of
various possible mechanisms for the formation of HClFom the bond-forming reaction of GF with H,.

The stationary points on four different pathways leading to the product combinations HOH* + F and

HCF," + HF have been calculated. All four pathways begin with the formation of a collision complex
[H.—CHR;]?", followed by an internal hydrogen atom migration to give HC(FA)Hn two of the mechanisms,
immediate charge separation of HC(FkFvia loss of either HE or a proton, followed by loss of an F

atom, yields the experimentally observed bond-forming producti@¥er the other two mechanisms, internal
hydrogen rearrangement of HC(FHJFto give C(FH}F?", followed by charge separation, yields the product
CRH*. This product can then overcome a 2.04 eV barrier to rearrange to theHi@fner, which is 1.80

eV more stable. All four calculated mechanisms are in agreement with the isotope effects and collision energy
dependencies of the product ion cross sections that have been previously observed experimentally following
collisions between G and H/D,. We find that in this open-shell system, CCSD(T) and QCISDIF)
diagnostic values of up to 0.04 are acceptable. A series of angularly resolved crossed-beam scattering
experiments on collisions of GF with D, have also been performed. These experiments show two distinct
channels leading to the formation of DEF One channel appears to correspond to the pathway leading to
the ground statéDCF,* + D* + F product asymptote and the other to #fCF," + D' + F product
asymptote, which is 5.76 eV higher in energy. The experimental kinetic energy releases for these channels,
7.55 and 1.55 eV respectively, have been determined from the velocities of the P@duct ion and are

in agreement with the reaction mechanisms calculated quantum chemically. We suggest that both of these
observed experimental channels are governed by the reaction mechanism we calculate in which charge
separation occurs first by loss of a proton, without further hydrogen atom rearrangement, followed by loss of
an F atom to give the final product®CF," + D* + F or 3DCFR," + D™ + F.

I. Introduction study of collisions of CE2* with D,. No F" or DF" ions were
reported in this study, so the following reaction mechanism was

The bond-forming reactivity of doubly charged cations proposed for the formation of DGFE:

(dications) with molecules has, until recently, remained relatively
unexplored. This is in large part due to the fact that the bond- CF32+ +D,— DCF2+ +F+D' (1)
forming product ions from collisions between dications and

molecules are often formed with much smaller cross sections Price et al. suggested that the mechanism for the formation of
than the products of dissociative and nondissociative electron-pCF,+ from CF;2* and Dy perhaps involved D transfer from
transfer processes. Nevertheless, by means of careful experi- the neutral to the dication. A later study by Tafadar eaif
mentation at low collision energies-¢V) and pressures-(10—* collisions between C£* and HD demonstrated an intra-
Torr), an increasing number of studies of collisions of dications molecular isotope effect in the formation of H&Fand DCR*.

with molecules have reported the observation of one or more This isotope effect was originally explained in terms of a

product ions involving the formation of new chemical boAdS.  preferential orientation of the reactants preceding the chemical
Indeed, some studies have even reported bond-forming reactiongeaction. However, Tafadar et al. also reported the observation
that generate dicatiorfs® of the HFf/DF* bond-forming product ions, whose formation

One collision system that has received particular attention is did not exhibit an intramolecular isotope effect. This indicated
CR?" + X3 (X = H,D). The bond-forming product ion DGF that the orientational mechanism may not be the dominant effect

was first observed by Price et al. in 1994 an experimental  in the dynamics. If such a mechanism were operating, one would
expectall products of the bond-forming reaction to exhibit an
T Part of the special issue “dyen Troe Festschrift”. intramolecular isotope effect. In a more recent study by Tafadar
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n kaltsoyannis@ucl.ac.uk (N.K.). et all! on the reactions of GF" with H, and D it was also

#University College London. noted that the cross sections for the formation of the XCF
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dependencies, suggesting that XC&nd XF" are formed via
two different mechanisms.

As the existing experimental data could not provide any
additional clues as to the mechanisms for the reactions gf'CF
with X, to give XCR*™ and XF, it became necessary to look
to computational studies for further insight. The first quantum
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the observed isotopic effects. In addition, we present the results
of a series of angularly resolved crossed-beam scattering
experiments between GF and D». Two distinct pathways are

observed. Both correspond well with the energetics of the
reaction mechanisms we have calculated quantum chemically.

chemical study of a potential energy surface for the gas-phase!l- Computational Details

reaction between a dication and a molecule was carried out by  Although other approaches were attempted (as discussed in
Mrézek et al? on the reaction of C&" with H, to give HCO the main text), the ab initio quadratic configuration interaction
+ H* + O. They calculated the stationary points on the potential singles and doubles (QCISD) method was selected for the full
energy surface of the reaction and determined a mechanism incharacterization of the stationary points along the potential

which the CGQ%" and H; first form a loosely associated collision
complex [H—CGO,]?". Internal H-atom rearrangement then
occurs to give [HCOOH]" which then loses a proton and an
F-atom in two separate steps to leave the products HEO
H* 4+ O. An analagous mechanism for the reaction otCF
with H, has also been determined by “idak 13

On the basis of these results, Tafadar et aluggested that
the reaction of CEZ™ with X, may be occurring via a similar
mechanism. The first step would involve the formation of an
[X2—CRs]2" collision complex, followed by X-atom migration
from the C to an F atom. Formation of the products XCH
X* + F could then occur by subsequent cleavage of aXF
bond and a €F bond in two steps, while the formation of
XCF;" 4+ XF' could occur by a simple €F bond cleavage.
Crucially, the reaction coordinate which defines the pathway
for formation of X" is the F-X bond cleavage. Rice
RamspergerKasset-Marcus (RRKM) calculations performed
by Tafadar et al! on the CQ?" + X, system showed that the
rate for the G-D cleavage is 66% slower than for—M

energy surfaces for the bond-forming reactions o*CFand

H, to give either HCE" + HT + F or HCR* + HF*. The
6-311G(d,p) basis set was used for all production calculations.
Geometry optimizations were performed at the QCISD level,
followed by frequency calculations in order to characterize each
stationary point and to obtain the zero-point energy. Single-
point calculations were then performed on each of the optimized
geometries at the QCISD(T) level in order to refine the energies
of each structure.

Intrinsic reaction coordinate (IRC) calculations using QCISD
were performed along the reactive mode corresponding to the
imaginary frequency of each transition state to verify the
connectivity of all minima and saddle points. Where necessary,
restricted geometry optimizations were performed in order
to map out certain problematic regions of a surface. The
GaussianO3rogram was used for all calculatiotfs.

[ll. Experimental Details
Crossed-beam collision experiments betweeg?CBEnd D,

cleavage, due to a greater number of accessible vibrational stategyere performed using the EVA Il apparatus, which has been

at the transition state leading to"Hoss rather than D loss.
The same argument could be applied for the formation of X
by F—X bond cleavage in the GF + X, system. Of course,
there would be no kinetic competition for the formation of XF
as the reaction coordinate of interest{Ebond breaking) does

described in detail beforé Briefly, CF32" dications are formed

in a low-pressure source by electron ionization of,CBing

130 eV electrons. The products of the ionization are extracted
from the source, the GF" dications are mass selected, and the
resulting dication beam is decelerated to the required laboratory

not involve an X atom. This statistical argument was used to to collision energy {eV). This dication beam has a typical energy

explain why an isotope effect is noticed in the formation of
XCF," but not XF" in the reaction of CE" with HD.1!

There currently exist only four computational analyses of the
potential energy surfaces for the reactions of dications with
neutrals. In addition to the study by Mgk et al'? discussed

spread of 0.20.5 eV and an angular spread of abotiat full
width half-maximum (fwhm). The neutral reactant beam is then
introduced from a multichannel jet at a right angle to the dication
beam and with an angular spread of ¥X@hm. The products

of the collision pass through a detection slit into a stopping-

above, we recently performed a quantum chemical investigation potential energy analyzer and are then accelerated and focused

of the potential energy surface of the reaction of,Fwith
H,0 to give OCF + H™ + HF.® These calculations revealed
a mechanism analogous to that proposed byzelkeet al. for
their CQ:2" + H; system. CE2+ and HO initially associate to
give the [HO—CR,]?" complex. As with the C&" + H;
system, this is followed by internal H-atom rearrangement to
give [HO—CRH]?*. This complex then loses a proton and
finally the HF molecule in two distinct steps to give the products.

This mechanism was later confirmed by a series of crossed-

into a detection mass spectrometer for mass analysis. Finally
the products are detected using a dynode electron multiplier.
To correct for background scattering, the neutral reactant beam
is modulated using a beam chopper, and phase sensitive
detection and signal averaging are used. The angular distribu-
tions of the products following the collision were obtained by
rotating both the dication and neutral beams with respect to the
collision center. In the present case the intensity of the HCF
product ion was rather low. Hence, instead of a full scattering

beam coincidence experiments, in which the dynamics and diagram, only energy profiles at a scattering angle close to the
kinematics of such three-body reactions can be fully monitored angular maximum could be determined for this ion.

on a per-event basfsMore recent computational studies have
also been performed on the systems CHCF Hy4 and AR

+ NHs3.15 As with the mechanisms described above, these
reactions also take place via one or more collision complexes.

IV. Results and Discussion

A. Computational Results. A.1. Ab initio versus DFT
Methods and the T1-Diagnostithe stationary points along a

In this paper we describe the results of a series of ab initio number of pathways on the potential energy surface (PES) for
calculations on the important features of the potential energy the bond-forming reaction of GF with H, were first optimized

surface for the reaction between £Fand H. These calcula-
tions reveal four primary pathways to the formation of the

using the B3LYP hybrid DFT method with the 6-311G(d,p)
Pople style basis set. Four distinct pathways were found

experimentally observed products. We find that these mecha-leading to the formation of the bond-forming product ion,

nisms support the explanation suggested by Tafadar'@fa.

HCFR;*. Three key barrier heights for the dominant reactive
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pathway were recalculated at the B3LYP level using the larger TABLE 1. Comparison of Barrier Heights for Each
6-311++G(2df,2pd) basis set. Differences in these three barrier Activation Step in All Four Calculated Pathways, aﬁ
heights between those calculated at the B3LYP/6-311G(d,p) Determined by B3LYP and QCISD(T)/QCISD Methods'

level and those calculated at the B3LYP/6-311G(2df,2pd) pathway B3LYP QCISD(T)//QCISD difference
level were all less than 0.06 eV. Therefore the extra diffuse Proton Loss 1
and polarization functions were omitted from subsequent barrier 1 0.60 0.61 0.01
calculations in order to save computational time. It is unsur-  barrier 2 1.40 1.54 0.14
prising that diffuse functions are not required to satisfactorily ~ Parrier 3 0.76 0.91 0.15
model systems with one or more positive charges. ) HF + Loss 1
Single-point energy calculations were then performed on the ~ Parrier 1 0.60 0.61 0.01
B3LYP-optimized geometries using the CCSD(T) method and barrier 2 0.04 0.17 0.13
the 6-311G(d,p) basis set. Thigdiagnostic was also evaluated . Proton Loss 2
for each point using CCSD(T). Th&-diagnostic of Lee and barrier 1 0.60 0.61 0.01
. P : o barrier 2 0.87 0.75 —0.12
Taylor*®is a measure of the weighting of the single excitations 15 rier 3 1.22 1.70 0.49
in the cluster operator barrier 4 3.15 2.81 -0.32
HF + Loss 2
barrier 1 0.60 0.61 0.01
barrier 2 0.87 0.75 —0.12
barrier 3 0.54 0.76 0.22

2 aBarrier heights and differences are given in eV. Barrier numbers
are given in the order in which they are encountered in the reaction

mechanism.

wheret? is the amplitude of single excitations from occupied
orbital i to virtual orbitala, andn is the number of electrons.
The Ti;-diagnostic is often used as a qualitative estimate of the

TABLE 2: Bond Lengths for All Calculated (QCISD)
Structures?

degree of multireference character of a system. A value of 0.02 symbol structure HC/A  H-F/A C—F/A

for the T;-diagnostic was suggested by Lee and Taylor as a | H,CRs2* 1.47[2] 1.36[2],1.22

threshold above which the reliability of single reference methods I H,CR?™ TS 1.22 1.48 1.35[2],1.30

would become questionablé However, they also noted that Il HC(EH)F*" 1.42 1.86 1.23[2],1.51

the threshold may well be higher for open-shell systems. Since {)’ :(é&FJrH)FZ TS 21';12’ 191 11é%5[£2]]'1'34

then, a number of studies have shown fhatliagnostic values Vi HCF2+ TS 1'_14 1"25]2]’1_60

of up to 0.045 may be acceptable in open-shell sysfénis. VIl HCF,FHZ TS 1.33 0.97 1.21[2],1.79

The T;-diagnostic values calculated for the stationary pointsin VIl HC(FH)F2* TSb  1.43 0.99 1.22,1.35.1.48

our system lay between 0.018 and 0.027. Although these fall 1X  C(FH):F** 0.98[2]  1.50[2],1.21

below the open-shell threshold of 0.045, we felt it would be X C(FH),F*" TS 1.95,0.95 1.23,1.64,1.31
S ; Xl CFaH* 0.94 1.24[2],1.89

useful to compare our B3LYP-opt|m|zed PESs_ with those  y, CF.H* TS 0.92 117.2.17.1.96

calculated by a different method, ideally one which recovers x  cp,HFH2* 0.96,0.98 1.17,1.57,1.86

more dynamic electron correlation. CRs?* 1.18[2], 1.55

The obvious method to use in order to include possible Ha 0.74 (H-H)

multireference effects is the multireference configuration inter- ;:8':21 %-gg igg[gl

action (MRCI) method. We first attempted to perform geometry HF+F2 ) 0.99 22[2]

optimizations at the complete-active-space self-consistent field = '

(CASSCF) level using a full valence active space and the cc- CRH* TS 1.33 1.45,1.21

pvtz basis set using the Molpro2002 cdderor our largest CRH* 0.92 1.17,2.19

structures, a full valence active space consisted of 15 electrons  athe symbols in the first column refer to labels used in Figures
in 13 orbitals. However, it soon became clear that such active 1—4. Numbers in square brackets indicate the number of degenerate
spaces would not be sufficient for a meaningful investigation bond lengths. No symmetry constraints were imposed during any of
of the potential energy surface as there existed many energetithe geometry optimizations.
cally near-degenerate orbitals of similar character at the active
space limit. Since we were investigating a reaction pathway The Q:-diagnostic is the QCISD equival@ftof the coupled
which involves many different reactive coordinates, it would clusterT:-diagnostic, and the same thresholds for the suitability
have been necessary to include orbitals relevant to all of theseof single reference methods apply (i.e. 0.020 for closed shell
coordinates. Unfortunately, such an enlargment of the active and 0.045 for open shell systems).
space was not computationally feasible. The same four pathways as evaluated at the B3LYP level
We subsequently decided to make use of the QCISD methodwere found and are shown in Figures4. The general shapes
in order to investigate the PES. Although a single reference of the surfaces calculated at the QCISD(T)//QCISD level are
method, QCISD is a high level ab initio approach that recovers not significantly different from those calculated at the B3LYP
much dynamic correlation and a good deal of nondynamic level. As can be seen from the relative barrier heights given in
correlation as well. QCISD is size-consistent and has a reason-Table 1, the largest difference in activation energies between
ably efficient implementation of analytic gradients and numerical the two methods is 0.49 eV. Most of the geometries of the
frequencies in theGaussian03programi® Stationary point stationary points remained very similar as well. The geometric
geometries, zero-point energies, vibrational frequencies, and IRCparameters for each stationary point calculated at the QCISD
calculations were all performed using QCISD and the 6-311G(d,p) level are given in Tables 2 and 3. The total energies, zero-point
basis set. QCISD(T)/6-311G(d,p) single-point energies@ad energies, an@;-diagnostics for each stationary point are given
diagnostics were then evaluated on the optimized geometries.in Table 4.
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TABLE 3: Bond Angles for All (QCISD) Calculated Structures?

J. Phys. Chem. A, Vol. 110, No. 9, 2008901

symbol structure HC-F F—C-F H-F-C

| H,CR?" 93.6[2],108.4 120.7[2],91.1
1l H,CR?" TS 112.6[2],108.7 116.5[2],92.0
1l HC(FH)F2+ 102.1,104.8,98.0 127.5,112.3,107.5 124.4
1\ HC(FH)F2* TS 99.7[2],100.7 115.0[2],121.2 161.3
\Y HCFs" 90.4[3] 120.0[3]
VI HCF3;* TS 117.2[2],78.1 109.2,117.9
VI HCF,FH?™ TS 113.6,71.7,111.3 129.9,111.0,103.3 127.7
VI HC(FH)F2" TSh 57.0,131.3,112.0 122.1,105.1,114.0 122.9
IX C(FH)F?+ 98.0,112.0,111.1 120.5[2]
X C(FH),F>* TS 107.9,100.9,117.7 119.5,164.3
Xl CFsH* 102.4[2],120.4 119.7
Xl CFsH* TS 91.3,99.6,112.1,99.6 136.2
Xl CFHFH?* 108.0,135.1,116.8 120.9,124.7

CR2+ 110.1[2],139.9

H>

HCR" 120.8[2] 118.4

SHCR" 124.9

HF*

F

CRHTTS 50.5,161.5 111

CRH* - 90.6 138.6

aThe symbols in the first column refer to labels used in Figureg.INumbers in square brackets indicate the number of degenerate bond

angles. No symmetry constraints were imposed during any of the geometry optimizations. All bond angles are given in degrees.

TABLE 4: Total Energies, Zero-Point Energies, Zero-Point Corrected Energies, and);-Diagnostics for All Structures?

symbol structure total energy zero-point energy zero-point corrected energy Q;-diagnostic
I H,CFR?" —336.9437745 0.024572 —336.9192025 0.0269
Il H.CR?T TS —336.9204905 0.023915 —336.8965755 0.0260
1] HC(FH)F2* —337.0701787 0.026513 —337.0436657 0.0209
\Y, HC(FH)F?™ TS —337.0069378 0.019647 —336.9872908 0.0200
\% HCF;* —337.1512063 0.019647 —337.1315593 0.0180
VI HCF3t TS —337.1196899 0.020914 —337.0987759 0.0199
Vi HCF,FH?" TS —337.0637402 0.026115 —337.0376252 0.0167
VI HC(FH)F*" TSh —337.0409327 0.024630 —337.0163027 0.0402
IX C(FH)F?+ —337.1160944 0.028492 —337.0876024 0.0245
X C(FH)F" TS —337.0467039 0.021636 —337.0250679 0.0195
Xl CFsH* —337.1779872 0.020600 —337.1573872 0.0196
Xl CFH'T TS —337.0691993 0.015317 —337.0538823 0.0259
X1l CF HFH?* —337.0860712 0.026682 —337.0593892 0.0227
CR2* —335.7432934 0.011825 —335.7314684 0.0229
Hy —1.1683403 0.010068 —1.1582723 0.0058
HCR*" —237.5770649 0.021021 —237.5560439 0.0200
SHCR* —237.3732153 0.012931 —237.3602843 0.0228
HF* —99.704935 0.006871 —99.698064 0.0069
F —99.5658041 0.0034
CRHT TS —237.4278733 0.012884 —237.4149893 0.0239
CRH* —237.5060605 0.016074 —237.4899865 0.0192

a All energies are given in Hartrees. Zero-point energies were calculated at the QCISD/6-311G(d,p) level. Total ene@iediagmbstics
were calculated at the QCISD(T) level.

Although most of the geometries of the stationary points It should also be noted that all attempts to optimize the
calculated at the QCISD level were virtually unchanged from geometry of the C§H™ transition state (structure XlI, Figure
those calculated at the B3LYP level, a large difference was 3) directly were unsuccessful using QCISD. Thus, a potential
noticed for the HCE* (structure V, Figure 1) ion. The largest  energy surface scan was performed in which the optimized
differences were in the HC bond length (1.32 A at BLYP  CRH* minimum (XI) was used as a starting structure and the
and 2.74 A at QCISD) and the-fC—F—F dihedral angle ¢ F pong distance was held fixed over a series of increasing
g,1A44.t7> tat B_?#Yz.f?nd 178'.07 e;tthE:JIIiB)P B.Othl strugtm:res are yalues, while all other parameters were allowed to optimize.

1 states. The ditierence in the SINgl€ poInt energies o giricture at the point of maximum energy was taken as the
calculated for each structure is only 0.24 eV, and the difference ) . o
in the QCISD single point energy between the two structures ;tartlng guess for a QC|SD_ transition state geometry optmm_a—

tion and frequency calculation. Although the geometry optimi-

is 0.25 eV. A geometry optimization was performed on this . ) i
ion using the coupled cluster singles and doubles (CCSD) zation was successful, the frequency calculation yielded three

method, and the same structure as that determined using QClSpmaginary modes, the largest of which corresponds to the
was obtained. Given that, in general, post-HartrBeck required C-F bond breaking (the other two modes correspond
methods such as CCSD and QCISD are likely to be more to H-=C—F bend and twist). Given our lack of success with
accurate than B3LYP, we tend to favor the ab initio geometry other calculations in this area of the PES, we have decided to
for structure HCE". present structure Xl as our best estimate of theFCbond
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Figure 1. Calculated stationary points on one pathway on the potential Figure 3. Calculated stationary points on one pathway on the potential
energy surface for the reaction €F+ H, — HCR" + H* + F. This energy surface for the reaction €F+ H, —~ HCF,* + H* + F. Like
pathway involves proton loss following complexation and is referred the PL1 pathway, this pathway also involves proton loss following

to in the text as PL1 (proton loss 1). complexation. However, an extra rearrangement step takes place before
the fragmentation. This pathway is referred to in the text as PL2 (proton
I QCISD(T)/6-311G(d.p) loss 2)
4 .
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Figure 2. Calculated stationary points on one pathway on the potential m IX 12
energy surface for the reaction €F + H, — HCR' + HF*. This -10 -
pathway involves loss of HFfollowing complexation and is referred  Figure 4. Calculated stationary points on one pathway on the potential
to in the text as HFL1 (HF loss 1). energy surface for the reaction €F+ H, — HCF* + HF*. Like the

. . . ) ) HFL1 pathway, this pathway involves loss of Hféllowing complex-
breaking transition state. A single-point QCISD(T) calculation ation. However, an extra rearrangement step takes place before the
was then also performed on this structure. fragmentation. This pathway is referred to in the text as HFL2"(HF

The Q;-diagnostics for each of the calculated stationary points l0ss 2).
are shown in Table 4 and, bar one, lie in the range G-017
0.027. The largesQ;-diagnostic value (for structure VIII) is The two other pathways require the HC(FPfeomplex to
0.040, still within the suggested threshold of 0.045 for open- undergo another H-atom rearrangement before fragmentation
shell systems. Given that we find good agreement between theoccurs. This involves the migration of the H atom from the
B3LYP and QCISD methods with regards to the shapes of the carbon in structure Ill to an available fluorine via a transition
potential energy surfaces and the geometries of the stationarystate (structure VIII) to give C(FHIF?* (structure 1X). One
points, it would indeed appear tHEt andQ;-diagnostic values ~ pathway then continues by loss of a proton and then an F atom
of greater than 0.02 can be acceptable for open shell systems(proton loss 2 (PL2) in Figure 3) to give @f* + H" + F,
as suggested previously.?124 and the other proceeds by the loss of antHRolecule (HF

A.2. Calculated Reaction MechanismsAs can be seen in  loss 2 (HFL2) in Figure 4) to give GH* + HF*. All of these
Figures 14, all four pathways we determined proceed via the fragmentations, as with the first two pathways, proceed via
same initial three stationary points. First,££Fand H, associate  transition states. If the energy is available, thel@Fproduct
to form the HCFs?+ (structure 1) dication complex, followed can then overcome a 2.04 eV barrier in order to rearrange to
by an internal H-atom rearrangement via a transition state HCR", which is 1.80 eV more stable (note that this final
(structure 1I) to give HC(FH)R2*(structure 1lI). In two of the rearrangement is not shown in Figures 3 and 4).
pathways, the HC(FH¥" complex then fragments immedi- One would expect that the PL1 pathway would dominate the
ately. This fragmentation occurs either via the loss of a proton formation of HCE™ + H™ + F, as the largely exothermic charge
followed by an F atom via two transition states to give the separation occurs earlier in the mechanism than in the PL2
products HCE" + H* + F (this pathway is called proton loss  pathway. In addition, following charge separation, the barrier
1 (PL1) in Figure 1) or by simply losing an HFmolecule, for the final neutral loss step is higher for PL2 than for PL1
again via a transition state, yielding the products HCF HF" (2.81 eV versus 0.91 eV, repectively). If one assumes a loss of
(called HF loss 1 (HFL1) in Figure 2). 6 eV of internal energy in the form of kinetic energy upon
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charge separation, the internal energy of theHCFcomplex CE™+D
in the PL2 pathway (structure XI) may well then not be enough 3 2
to overcome this final neutral loss barrier, and theslCF LN
complex may instead fragment to different products and not A DCF,
contribute to the formation of GH™. 1 0 = +1.5°

One would also expect that the formation of the HCH- T=1.16eV {
HF products would be governed by the HFL1 pathway rather 1
than HFL2, again due to charge separation occurring earlier in
the mechanism. HFL1 is indeed the mechanism discussed in 5 -
the Introduction, which was suggested by Tafadar ét Als ]
noted in the Introduction, such a mechanistic pattern, involving ] I\

|

10 -

complex formation followed by rearrangement and then frag-
mentation, has been seen before for the bond-forming reactions® ]
of CO2t + Hp'?2 CR?T + H'8 and CR?t + H,08 As
predicted by Tafadar et al.,Xformation is governed by the 1 L
cleavage of an £X bond, whereas the critical bond for XF

— &~

C.M. 1

formation is C-F. This explains why an H/D isotope effect is ] L e —
observed for the formation of Xbut not XF". In addition, our 55 6,0 6,5 7.0 7.5 8.0 85 8.0
calculations show that Hand HF are formed via different Velocity [10° ms™]

pathways. This would explain why different collision energy  rigure 5. Velocity distribution for the DCF product ion at a collision

dependencies have been observed experimentally for the formaenergy of 1.16 eV and scattering angle@f= 1.5°. See Figure 6 for

tion of HT and HF 1011 the Newton diagram that correlates with this velocity distribution.
Finally, to provide rationalization for the fact that the ex- . . o .

perimental ion intensities of XFare approximately 5% of that ~ that DF was formed from CE#* + D, collisions in very small

of the XCR:" ion, a series of vibrational RieeRamsperger amountsi! Two main channels observed experimentally leading

Kasset-Marcus (RRKM) calculations were performed in order {0 products involve the formation of GF (29% of the total

to obtain rate constants for the fragmentation of the HC(g#)F ~ @mount of products af = 1.16 eV) and CF* (65% atT =

ion (structure 11). The methodology of these calculations is 1-16 eV) and correspond to nondissociative (eq 3) and dissocia-

described in detail in a review article by Baer and Magper. tive (eq 4) charge transfer.

Briefly, considering only vibrational states, the density of states

of the HC(FH)R2" ion (structure 1) at the required internal CF* +D,—CF,"+D," (3)
energy is directly computed using its harmonic vibrational
frequencies derived from our electronic structure calculations CF*" +D,—CF"™+D,"—~CF,"+F+D," (4)

and the direct counting algorithm of Beyer and SwineRart.

Similarly, the number of accessible vibrational states of the  peails of the scattering study of the electron-transfer process
relevant transition state at the same internal energy is also(eq 3) will be published separately. Since nd ns were

eva!uated usi_ng the calculated yibrational frequencies for theseobserved experimentally, we conclude that collision-induced
stationary points. From the ratio of the number of accessible charge separation does not contribute significantly to the

vibrational states at the transition state to the density of initial 5 mation of CR*. Itis also clear that the product dication £F
vibrational states in the intermediate we can calculate the rate ggits from collision-induced neutral loss of £F This

constant for the dissociation process. These calculations showedjision-induced neutral loss reaction is often observed in other
that over a range of collision energies between 0.1 and 3.0 eV, cglision systems involving CR+.12

the rates for the fragmentation of HC(FHJF via proton loss The weakest channel detected corresponds to the formation
are 15-20 times faster than via HFloss. In addition to the o the product ion DCF (15% of the total amount of products
above kinetic arguments, it has been shown previdfishat atT = 0.72 eV, 7% afl = 2.09 eV). Repeated measurements

product ions that are backward-scattered in the center-of-massyf tpe energy distribution of this ion product &t= 1.16 eV
frame may be detected less efficiently in the crossed-beam gnq a laboratory scattering angle= 1.50° (close to the angular
experiments of Tafa_dar et al. The dynamics of the fragmentation maximum) led to the DCF product ion velocity distribution
of the HC(FH)R** ion to HCR* and HF are not known. shown in Figure 5. This velocity distribution is plotted in the
However, if HF is predominantly backscattered in the center- framework of the respective Newton diagram in Figure 6.
of-mass frame, this would also contribute to the very weak HF - ynfortunately, a full scattering diagram could not be measured
product ion intensities observed experimentally. Thus, the gye to the low intensity of the product ion.
difference in the experimentally determined intensities of HF As can be seen from Figures 5 and 6, the velocity distribution
and HCR" may involve apparatus factors as well as reflecting s characterized by a strong forward-scattered peak correspond-
the preferential fragmentation of the collision complex. ing to a DCK* center-of-mass velocity of 750 m/s. There is
B. Experimental Results.A series of crossed-beam experi- also a second channel that exhibits symmetrical forward
ments has been performed to study collisions betweef'CF  backward scattering with peaks at a center-of-mass velocity of
and D at a center-of-mass collision energy of 1.16 eV. The 340 m/s (see the respective circles in Figure 6). In addition,
products observed were €F CR", DCR', D', and CR?". there is a small forward-scattered intensity at about 1320 m/s
No DF* signal was detected, presumably because the sensitivityand a backward-scattered intensity at about 1000 m/s. However,
of the apparatus was not sufficient to record the weak signal of this backward scattered intensity is buried in a large scatter of
this product kinematically expected to recoil mostly into the data (see Figure 5) and can be presumably regarded as an
region of laboratory angles higher than’9haccessible to the  overlapping weak backward component of the two forward-
experiment. In earlier experiments, Tafadar et al. have shown scattered peaks at 750 and 1320 m/s.
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NEWTON DIAGRAM of D,CR?" to DCR* + DT and assume that the KER of the

CF,* +D, subsequent neutral loss is negligible in comparison. This
DCF,* assumption is well supported by experimental results from
T=116 eV studies of the dissociative electron-transfer reactions of both

CO%" and CR? which show that, in analogous reactions to
eq 6, the energy release of the primary charge-separation step
is much larger than that of the subsequent dissociation of one
v(D,) T of the monocations formed in this charge-separation $tép.
More generally, the above assumption that the energy release
/ ok q of the charge-separation step dominates the kinematics of the
V(CF,*) ) Tom 9[10® ms] decay of Q'CF32+' is perfectly reasorlable given .that the
secondary dissociation of the monocation does not involve the
i ) ) » large electrostatic repulsion of the primary charge-separation.
Ell’glcji[lectGiloI":l?(\)l\llltgvr\;iglgag(ﬁl?;i(f)%rsﬂ;? é;%&tifg'gg ‘é‘f'gcégﬁiss i%fntgigg:; Indeed, charge separating dissociations of dications typically
of 1.16 eV. The velocity distribution superinﬁposed on the diagram is have energy releases of the order. of 7 e\/_, much Ia_lrger _thian the
that shown in Figure 5 and was taken at a scattering ang® of energy releases generally associated with the dissociation of
1.5, polyatomic monocations. The KER we calculate for this pathway
from the velocity of DCE' is 7.55 eV, a value, as discussed
The conversion of the velocities corresponding to peaks in above, encouragingly typical for the charge separation of a
the DCR" velocity distribution into translational energy releases dication. This value also agrees reasonably well with the KER
that we can compare with the values we derive from our value we determine from the calculated pathway PL1. Given
quantum chemical calculations depends on the mechanismthe collision energy of 1.16 eV and a total reaction exothermicity
governing the formation of DGF. For example, to produce a of 6.32 eV from the quantum chemical calculations, the
DCR," ion of a given velocity, a mechanism that involves theoretical studies indicate a total of 7.48 eV energy is available
fragmentation to DCF + DFT will release a different amount  for release. This value is in excellent agreement with the KER
of kinetic energy than a mechanism that involves the formation value of 7.55 eV we determine from the experimental velocity
of DCR™ + D + F. Below we calculate the different kinetic  of DCF*.
energy releases from our experimental RCkelocities and There is also, in principle, the possibility that the DCFH-
compare these with the energetics predicted by our calculatedD™ + F products are formed via a different mechanism, i.e.,
PESs in order to determine the most likely reaction pathway. complexation followed by neutral loss and then fragmentation:
B.1. DCR" 750 ms?! Center-of-Mass Velocity. In this
section we consider the possible pathways for forming BCF  cE.2" + D, — D.CE2" — D.CE2" + F—
. .. . S . 3 2 2 3 2 2
following collisions of CE?* with D, and, within the constraints 4 .
of those mechanisms, convert the center-of-mass velocity of DCR,"+D" +F (V)
the DCR™ we record experimentally into a KER to compare
with previous studies of such energy releases and with the Again, assuming the energy release of the neutral loss process
release we calculate from our PESs. to be negligible in comparison with that of complexation, the
(a) Fragmentation to DCE" + F* + D. The F ion has not KER we calculate for this mechanism from the velocity of
been detected in the current, or any previous, studies of collisionsDCF:* is 4.09 eV. However, we do not expect such a
of CFs?* with D,. Hence, this pathway cannot be a significant mechanism to predominate for the formation of BCH D*

+15°

source of DCE". + F, as small dications (such as the@?" complex) tend to
(b) DCR* + DF*. This is a two-body reaction, and the favor charge separation over neutral loss.
corresponding KER we calculate from the velocity of BCF From the results discussed above, we conclude that the PL1
is 0.53 eV. This corresponds simply to the charge separationmechanism leading to DGF + D* + F in which D,CFs?*
of D,CF?* to DCR," and DF': loses a proton followed by an F atom is predominant in the

formation of 750 ms! DCFR;" ions. The strong forward
(;|:32+ +D,— |32(;|:32+ — DCF; + DE" (5) sqattering of the DCF ion formed in this way isin agreement
with the overall shape of the PES for this pathway (Figure 1).

This value of the KER appears unreasonably small, as a typical SPecifically, the PES exhibits relatively shallow wells and a
KER for the charge separation of a dication is approximately 7 harge separation exit barrier of about 4 V. Thus, most of the
eVl energy available in the reaction is likely to appear as the kinetic

(c) DCR,* + D* + F. To calculate the KER for the pathway ~ €nergy of thf producti. _
that leads to these products, we first assume that ;DG B.2. DCF," 340 ms™ Center-of-Mass Velocity. The same

formed by loss of an F atom from DGF following charge mechanisms as those described in the previous section for
separation of BCFs2* to DCFs™ + D*. A similar pathway has reaching each product asymptote will also be considered here.

been observed recently by Hu et?afor the reaction of CE2* () DCR," + DF". The KER we calculate from the velocity
+ Arto give CR* + Art + F: of DCR* for forming DCR"™ + DF' via direct charge

separation of a collision compex (pathway 5) is 0.1 eV. Again,

2+ . 2+ + +_ with such a small KER value, it is unlikely that this pathway is
CR™ D, DLF DCR," +D governing the formation of the ‘slow’ DGF.

DCF," + D" +F (6) (b) DCR" + D* + F. The KER we calculate from the
velocity of DCR™ that corresponds to the formation of ‘slow’

This is, in effect, the mechanism PL1 that emerges from our DCR,* via pathway 6 is 1.55 eV. Although this value is also
theoretical investigations. As with pathway (b), to convert the quite small, it may correspond to the formation of DCH an
measured velocity into a KER we consider the charge separationexcited state. From our quantum chemical calculations we
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determine that the formation of triplet DgFoccurs with an anisms leading to the product asymptotBCR" + D + F

exothermicity of 0.56 eV (see Figure 1) and is spin-allowed. and®DCF," + D* + F.

Given the collision energy of 1.16 eV, the experimentally
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