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Quasiclassical Trajectory Calculations for the Reactions F+ HCI, F + HBr, and F + HI
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LEPS potential energy surfaces were constructed for the reactiensi€l, F + HBr, and F+ HI so as to
reproduce the available experimental kinetic data and data concerning the energy distribution among products
as well as possible. Calculations were carried out by the quasiclassical trajectory method. The results are
discussed in comparison with available experimental results as well as with results of calculations from other
research groups. In general, good agreement with experiment is obtained. This agreement is better than the
agreement obtained for the other calculations carried out until now for these reactions.

1. Introduction obtained, in contrast to the results of Yeberg and Houstot.
It should be noted that a linear dependence was also obtained
in our laboratory for the similar reaction G HBr.1°

Very few theoretical calculations concerning the kinetics and

The reactions of fluorine atoms with hydrogen halides

— 0o_ _
F+ HCI—~HF +Cl AHo 32.8 keal/mol (1) the energy partitioning among products for reaction8 have
been reported in the literature and most of them are for the F
F + HBr— HF + Br AHOO = —48.5 kcal/mol (2) HCI reaction. In two of the studies of the-+ HCI reaction?3
the quasiclassical trajectory (QCT) method was used employing
F+ Hl — HE + | AHOO = —64.7 kcal/mol  (3) LEPS potential-energy surfaces. In three other studies, an ab

initio potential-energy surface, which was developed by Sayo
et al.2% was employed for variational transition-state the®ry,
time-dependent quantum wave packetnd QCF? studies. To
the best of our knowledge, the only study concerning the two
other reactions was carried out by Beadle € lay. the QCT
method, using LEPS potential-energy surfaces.

In this study, semiempirical LEPS potential-energy surfaces
were developed so as to fit, as well as possible, the available
experimental results for reactions-3. The QCT method was
used in the calculations. The results are presented and discussed
in comparison with the available experimental and theoretical
data.

belong to the group of reactions of the type heakvyight—
heavy which are of much interest in molecular dynamics.
Furthermore, these reactions are of importance in relation to
chemical lasers, since they have very low energy barriers, are
very exothermic, and the HF product is formed highly vibra-
tionally excited. Experimental studies of these reactions, which
were reported in the literature, include the determination of the
energy partitioning among reaction produtt&especially the
distribution of the vibrational states of the HF and kinetic
studies?~1” most of them at room temperature.

Various experimental methods were used in the studies of
the vibrational distribution of the product HF in reactions
1-3.18 |n all these studies, except for the study by Polanyi
and co-workers of reaction 2population inversion of the 2.1. Potential-Energy Surfaces and Computational Pro-
vibrational states of the HF was found. The results of ref 7 are cedure. Semiempirical LEPS potential-energy surfaéer
exceptional as they indicate a nearly statistical distribution of reactions +3 were constructed so as to reproduce the kinetic

2. Potential-Energy Surfaces and Results

the vibrational states. data and the energy distribution among the products as well as
Most of the kinetic experiments of reactions3were carried  possible. For each of the three reactions, various combinations
out only at room temperatufe:691315 Only in very few of Sato parameters were tested for constructing the potential-
experiments has the temperature dependence of rate constanisnergy surfaces. QCT calculations were carried out on these
been determined. Waberg and Houstdf found a non- surfaces, and the results were compared with the available
Arrhenius temperature dependence for all three reactions. Mooreexperimental data. The sets of parameters, which gave the best
et al'® studied the temperature dependence for the ACI agreement with experiment, are presented in Table 1. This table

reaction and found that the rate constant is independent ofalso includes the molecular parameters needed for constructing
temperature over a wide temperature range. Kinetic studies ofthe surfaces. Contour diagrams of the best potential-energy
the reaction F+ HBr and of its isotopic analogue f DBr surfaces for the collinear configuration are shown in Figure 1.
have been carried out in our laboratdfy8 In both cases, a The QCT calculations were carried out forHFHX (v = 0,
linear Arrhenius dependence over a wide temperature range wag = thermal distribution). Calculations were performed for
- different collision energies between 0.001 and 8.0 kcal/mol
ngll?uv;rg(;lm correspondence should be addressed. E-mail: persky@ (these reactions do not have any appreciable threshold). For
Bar-llan | every collision energy, 5000 trajectories were calculated. The
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TABLE 1: Parameters of the LEPS Potential Energy
Surfaces for the Reactions FH HCI, F + HBr, and F + HI

D&

reaction (kcal/mol)

B2
A

Re
Q)

Sato
parameters

F+HCl H-F 141215
H 106.59
F -+ HBr

F+Hl  H-F
H-I 73.762
67.92%

2.218
1.868
2.310

1. 791
1.96%

0.9168
1.275
1.628
0.9168
1.4144
1.7589
0.9168
1.6041
1.908

0.20
—0.03

010
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aReference 25 except for the data for I ® Reference 2.
110 20 L

according tdv?, in the range between 0 aighax = 5.0 A. The 10

results were then integrated over thermal distributions of \ 16T

collision energies to obtain values for rate constants and for 120,

energy distributions among the products. _5303
A statistical multisurface facto6(T) was included in the

calculations of rate constants 1 2 3 4 5

1
GM 2 + exp(—=AE/RT) “)
whereAE = 1.16 kcal mot.,

This factor accounts for the statistical population of the
asymptotic?Ps, and 2Py, states of F atoms, assuming that
nonadiabatic transitions can be neglected (see, for example, refs
21 and 24 and references therein).

2.2. Rate Constants and Kinetic Isotope EffectsCalcula-
tions for each of the three f HX reactions were carried out
at three temperatures. Calculations were also carried out for the
isotopomeric reactions F DX at 298 K. The calculated rate
constants at room temperature are presented in Table 2, where
they are compared with available experimental data as well as
with results of other calculations. Some of the experimental
results presented in Table 2 were obtained by multiplying the
measured rates relative to the rate of the- EH, reaction by
the updated value d=+ch, at 298 K, keicn, = (6.20£ 0.50)

x 10711 cm?® molecule! s71.2627 The rate constant for the +

HBr reaction was measured relative to the rate of the H;
reactiont’ The rate constark-1gr was obtained by multiplying

the measured ratik-+yg/ke+1,'” by the updated value fdep,

at 298 K, kryn, = (2.434 0.15) x 101 cm?® molecule ! s71.28

The comparison between our calculated results and the available
experimental results presented in Table 2 shows a quite good
agreement for all three reactions. The results of Beadle &t al.,
calculated by the QCT method on LEPS potential-energy
surfaces, are very low in comparison with the experiment for
all three reactions. It should be noted that Beadle et al. fitted
the surfaces only to the experimental energy distribution of the
products, without taking into consideration any other experi-
mental data. Three other calculations were carried out for the F
+ HCl reaction, employing the ab initio potential-energy surface
developed by Sayet al? In these studies, the variational
transition-state theorsf, the time-dependent quantum wave
packet?t and the QCT methods, respectively, were employed.
In the first and third of these calculations, good agreement with
experiment was obtained. A somewhat higher result was
obtained in the second calculation. It should be noted that a
scaling factor was introduced in the ab initio points near the
transition state of the potential-energy surface to fit the results
calculated by the variational transition-state method to the
experimental rate constants of refs 13, 14, and 16 (arourd 8
1012 cm? molecule™! s71, which seems to be close to the correct
value).

-130

r(H-Br) (angstrom)

r(H-I) (angstrom)

r(H-F) (angstrom)

Figure 1. LEPS potential-energy surfaces for theH-HX reactions
for the collinear configuration. (a) f+ HCI; (b) F+ HBr; (c) F+ HI.
The contour lines are in kcal/mol.

The temperature dependence of the rate constants obtained
in the present study is presented in Figure 2. The straight lines
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TABLE 2: Rate Constants for the Reactions F+ HCI, F + calculations based on LEPS potential energy surfaces, a linear

HBr, and F + Hl at 298 K Arrhenius temperature dependence is obtained for each of the
10K (cm® molecule't s72) three reactions. The activation energies are low, 0.23, 0.16, and

investigators = F + HBr F+HI 0.19 kcal/mol for reactions 1, 2, and 3, respectively.
Experiments The temperature dependence for the-FHCI reaction was

Jonathan et @i (1971} 1204015 54+10 7.4+09 studied experimentally by Waberg and Houstdf and by

Kompa and Wannéi(1972) 2.5 Moore et alt® Wirzberg and Houston observed a weak

SVO“OCK and 531%9,7(6197@ 1121 temperature dependence below room temperature{298 K),

cﬁﬁgfnffﬁisz( (197%) 16506 with the rate increasing only slightly with increasing temper-

Wiirzberg et ak? (1978) 0.82-0.09 3.30+0.20 2.66+ 0.07 ature, and a much stronger increase above 298 K. Moore et al.

Wiirzberg and HoustdA (1980) 0.8140.05 4.50+ 0.40 4.10+ 0.08 carried out experiments in the range ¥3®6 K and found no

?Ung antki Sett;?((iggg; g-gii 8-%2 jgi 8-2 g-gi 8-2 temperature dependence in this range. Our calculations, which

amagake € . . . . . . H H H

Smith and Wrigle$? (1981) 0.70L0.03 62£05 g g 08 show a linear _dependence and a low activation energy, agree

Edrei and Perskj (1989F 41404 0.2 with the experimental results at room temperature and below.

Moore et alté (1994) 0724005 We believe that additional experiments should be performed at
) higher temperatures in order to learn more about the temperature

Calculations . .

Beadle et af. (1978} 0.051 0.046 0.040 dependence for this reaction.

Saye et al?l‘)(1999)e 0.83 The temperature dependence for the-FHBr reaction was

gzn%?tﬁzz((zzogggy é-%gaip%xgl studied experimentally by Waberg and Houstdfl and also

Thé workd:h 067 32 33 by usl” Wiirzberg and Houston found an unusual nonlinear

. ) ] ) Arrhenius temperature dependence, with the rate constant
Measured relative to the F- CHj reaction for which the rate  gacreasing strongly as the temperature is lowered from 373 to

constant (6.20+ 0.50) x 107! cm® molecule? st is taken?6.2 - - .
bMeasure(d relative to) the F NO + M recombination chemilumi- 271 K and then increasing strongly when the temperature is

nescence reactioiMeasured relative to the F H, reaction forwhich ~ lowered further, down to 195 K. In our experiments, a normal
the rate constant (2.48 0.15) x 1071 cm® molecule® s1 is taken®® linear temperature dependence was obtained in the range 203
4 QCT calculations on LEPS potential-energy surfaéariational 298 K (the rate constant was found to decrease when the

transition-state theory calculation on an ab initio potential energy temperature was lowered), in contrast to the unusual behavior
fsurfaced. A mléltisurface factor dfs waskincludledlin the calculatiobns. found by Wirzberg and Houston. A linear dependence and a
Time-dependent quantum wave packet calculations on an ab initio . . .
potential-energy surfac@ A statistical multisurface factor of 2/4.3 has norm_al behavior _Was found by us also for the lsotgpomerlc
been included in the calculations. The approximate value has beenf€action F+ DB in the temperature range 23298 K'® and
estimated from Figure 5b of ref 20 QCT calculations on an ab initio  for the reaction CH- HBr in the temperature range 22304
potential-energy surfac@.A statistical multisurface factor df; has K.19 In our experiments, the rate constant for thet-FHBr

been included in the calculationsQCT calculations. A statistical reaction was measured relative to the rate constant for the F
multisurface factor of 0.467 (calculated from eq 4) has been included H. reaction. The experimental activation energy for the-F

In the calculations. HBr reaction was found to be about the same as the activation
energy for the F+ H, reaction, which, according to recent

100 ® F+HCI evaluations, is 0.96t 0.10 kcal/mo® or 0.90+ 0.20 kcal/
- O FHBr mol.2° The value calculated in the present study, 0.16 kcal/mol,
"0 v is lower than the experimental value. However, both of them
"o indicate a rather weak temperature dependence of the rate
§ constant.
° The temperature dependence for thetFHI reaction was
mE studied experimentally only by Weberg and HoustoH. The
§ behavior observed in this case is very similar to the behavior
; found by them for the B HClI reaction and very different from
o 107 the behavior found for the F HBr reaction. The rate constant
T was found to be independent of temperature in the range 194
293 K and to increase appreciably with temperature above room
; ' 4 ' 6 temperature. Our results, which indicate a linear temperature
dependence with a very low activation energy (0.19 kcal/mol),
1000T(K™) are in good agreement with the experimental results for
Figure 2. Semilogarithmic plots of the calculated rate constants for temperatures below room temperature. We believe that the
the F+ HX reactions as a function of 1000/(®) F + HCI; (O) F + unusual temperature dependence found byraberg and
HBr; (v) F+ HL. Houston for the F+ HI reaction, as well as for the two other

reactions F HCl and F+ HBr, may be wrong and is probably
due to some experimental difficulties. Additional experiments
would be very helpful and important for the research of the
dynamics of these reactions.
11 3 P As indicated above, calculations were carried out also for
Kepgr = 4.5x 10 “"exp(=83/T ) cm” molecule ™ s = (6) the isotopomeric reactions F DX (X = Cl, Br, ) at 298 K.
The calculated kinetic isotope effed§s ux/kr+px at 298 K are
ke py = 4.6 x 10" exp(=96/T) cm® moleculé* s * (7) presented in Table 3, where they are compared with the available
experimental data, as well as with results of other calculations
As can be seen from Figure 2, and as could be expected for(carried out only for the F+ HCI reaction). Kinetic isotope

in this figure correspond to the Arrhenius equations

Ke o = 1.0 x 10 exp(—117/T) cm® moleculé*s™* (5)
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TABLE 3: Kinetic Isotope Effects krinx/Kr+px at 298 K

J. Phys. Chem. A, Vol. 108, No. 1, 200843

8 1 L L L I
reaction research group Kerrx/Kerpx a) F + HCI
F+ HCI Wirzberg et af® (1978} 1.38+0.29
Say et al?® (1999) 1.70 L
Say et al?? (2000} 1.81+0.09
this work® 1.27 S
F+ HBr Wiurzberg et af® (1978} 1.29+0.18 =
Schwarz and Persk§/(1992} 1.074+0.12 Y L
this worke 1.05 3
F+ HI Wiirzberg et at3 (1978) 1.29+0.14 S
this work® 1.06
a Experiments? Calculations. —@— this work
. . . —O— ref6
TABLE 4: Energy Disposal in the Reactions F+ HCI, F +
HBr, and F + HI at 298 K . .
reaction investigators fv fr fr L L
F+ HCI experiments b) F + HBr
Jonathan et &d1(1971) 0.58+
0.02
Beadle et af.(1978) 0.52 0.21 0.27
Ding et al3 (1973) 0.56 0.21 0.23 c 41
Tamagake et #(1980) 0.51 0.18 0.31 ._g
QCTe 3
Beadle et af.(1978) 0.67 0.17 0.16 [}
Ding et al3 (1973) 0.55 0.25 0.20 S 5
Say et al?2 (2000) 071+ 0.23+ 0.06+ : )
0.14 0.13 0.04 —@— this work
this work 0.58 0.26 0.16 —/— ref8
F+HBr experiments ——O-— ref6
Jonathan et dl(1971) 0.54+ 0.0 . - -
0.02 ’
Beadle et af.(1978) 0.56 0.11 0.33 3 : : : :
Jonathan et &1(1981) 0.56 0.11 0.33 c) F+HI
Brandt et al (1979) 0.24 0.09 0.67
Tamagake et #(1980)  0.59 0.13 0.28
Aker et al® (1986) 0.63 0.07 0.30
QCT 5 2
Beadle et af.(1978) 0.70 0.18 0.12 =
Jonathan et &1(1981) 0.68 =
this work 0.63 0.23 0.14 8.
F+ HI experiments Q1
Jonathan et &(1971) 0.56+
0.02 —@— this work
Beadle et af.(1978) 0.57 >0.07 <0.36 —O— ref6
Tamagake et #(1980)  0.59 0.12 0.30
QCT= 0.0 T T T T
Beadle et af.(1978) 0.70 0.12 0.18 0 2 4 6
this work 0.65 0.23 0.12

aQuasiclassical trajectory calculations. vibrational level

; ; v Figure 3. Calculated and experimental vibrational-state distributions
effects were determined experimentally by k&herg et al. for of the product HF for the F- HX reactions. (a) F+ HCI: (b) F -+

all three rea_(:t'orfg and by us or the F- HB_r re_ac_tloanlsAII HBr; (c) F+ HI. (@) this work; ©) experimental results from ref 6;
these experiments show a rather small kinetic isotope effect as(v) experimental results from ref 8 for the-F HBr reaction.

was also indicated by our calculations. The value calculated by
us for the F+ HCI reaction, 1.27, is in very good agreement
with the experimental value determined by kxtoerg et al., 1.38

+ 0.2913 The values calculated by Sayet al. by the variational
transition-state theory method, 1.70and by the quasiclassical
trajectory method, 1.8% 0.0922 seem to be too high. The value
calculated by us for the F HBr reaction, 1.05, is in good
agreement with our experimental value 1870.128 and is
close to the lower limit of the results of Wzberg et al., 1.29

4+ 0.18. The value calculated for thedF HI reaction, 1.06, is
somewhat lower than the experimental value ofrittherg et lower than the experimental values. Our results are comparable
al., 1.294 0.14. It should be noted that very small kinetic to the QCT results of Ding et dland are in better agreement
isotope effects have been measured also for some othemwith the experiment than those of Beadle et ahd of Saye
hydrogen-atom abstraction reactions by fluorine atoms. A value et al?2 Our results for the F+ HBr reaction show a good

of 1.1 & 0.2 was determined for the F NH3 reaction3® and agreement with the experiment figt a somewhat too high value

a value of 1.04+ 0.02 was determined for the F H,S for fr, and a too low value fofr. The agreement is better than
reaction?’ for the QCT results of Beadle et @land of Jonathan et 4l.

2.3. Energy Distribution among Reaction Products.The
partition of the available energy of the product HF between
vibration, rotation, and translatiof( fr, andfr, respectively),
which was obtained from our calculations, is presented in Table
4. Also presented in this table are available experimental results,
as well as results of QCT calculations of other research groups.

As can be seen from Table 4, a quite good agreement between
our calculations and the experiment was obtained for the F
HCI reaction, thouglfir is somewhat higher arfg is somewhat
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TABLE 5: Vibrational State Distributions of the HF in the Reactions F + HCI, F + HBr, and F + HI at 298 K2

reaction investigators vo V1 V2 U3 Vs Us U
F+ HCI Jonathan et &l (1971} 0.06 0.27 0.56 0.10
Beadle et af.(1978} 0.09 0.26 0.52 0.13
Ding et al® (1973) 0.27 0.57 0.16
Sung and Setse(1977) 0.33 0.59 0.08
Tamagake et #(1980)¢ 0.25 0.63 0.11
Tamagake et #(1980F 0.25 0.64 0.11
Tamagake et #1(1980} 0.07 0.23 0.60 0.10
Say et al?? (2000)9 0.11 0.75 0.14
this worlé 0.03 0.30 0.66 0.01
F + HBr Jonathan et &l (1971) 0.05 0.17 0.29 0.27 0.22
Beadle et af.(1978} 0.06 0.15 0.18 0.29 0.32
Brandt et al’ (1979) 0.55 0.21 0.13 0.06 0.04
Sung and Setse(1977) 0.13 0.25 0.33 0.29
Tamagake et (1980} 0.09 0.22 0.34 0.35
Tamagake et #(1980% 0.14 0.17 0.30 0.39
Tamagake et (1980} 0.04 0.135 0.165 0.29 0.37
Aker et al® (1986) 0.11 0.18 0.31 0.40
this worlé 0.06 0.12 0.18 0.29 0.35
F+HI Jonathan et &l (1971p 0.07 0.09 0.11 0.13 0.17 0.25 0.18
Beadle et af.(1978} 0.07 0.10 0.11 0.13 0.18 0.23 0.18
Sung and Setse(1977) 0.14 0.16 0.19 0.20 0.20 0.11
Tamagake et &1(1980)¢ 0.10 0.15 0.18 0.22 0.23 0.12
Tamagake et #(1980F 0.11 0.12 0.14 0.17 0.21 0.25
Tamagake et #(1980) 0.06 0.10 0.11 0.13 0.16 0.20 0.24
this worlé 0.02 0.06 0.12 0.17 0.21 0.23 0.19

a All the results in this table, except for the QCT results of the present study and of ref 22, are experimentaPi@sulested values calculated
from Table 2 of ref 2¢ Calculated from Table 2 of ref 2.Fast-flow experiments Arrested relaxation experimenfsThe distribution, including
the estimate for @ = 0 contribution, was made from the extrapolation of vibrational surprisal plotstdf ¢ Quasiclassical trajectory calculations.

Our calculations for F- HI show a slightly too high value for  surface was carried out by Sayet al?? They presented their
fv, a too high value fofg, and a too low value fofr. The QCT results in Figure 9 of their paper. Approximate values were
results of Beadle et &lshow a still higher value than experiment  estimated by us from this figure, and they are included in Table
for fy and a too low value fofy. 5. As can be seen from this table, our calculations agree better
In general, it can be concluded that our results for the three with the experiment than those of Sayet al.
reactions are in satisfactory agreement with experiment, espe-
cially with respect tdy, though the values fdr are somewhat 3. Summary and Conclusions
too high and the values fér are somewhat too low. Our results
are in better agreement with experiment than those of Beadle Quasiclassical trajectory calculations on LEPS potential-
et al2 who also employed LEPS potential-energy surfaces. As energy surfaces were carried out for the reactions HCI, F
mentioned in section 2.2, the potential energy surfaces employedt HBr, and F+ HI. The potential-energy surfaces were selected
by Beadle et al. were fitted to the experimental energy out of many surfaces that were tested systematically so as to
distribution of the products. As shown in Table 2, the rate reproduce the available experimental data concerning the rate
constants calculated by them, using these surfaces, are lowegonstants and the energy distributions among products as well
than the experimental values by-2 orders of magnitude. Our ~ as possible. In general, good agreement was obtained between
results for F+ HCI are in better agreement with experiment the calculated results and experimental data.
than those of Sdyoet al??> who used an ab initio potential- Calculated rate constants at 298 K are in good agreement
energy surface, which was scaled so as to fit the experimentalwith experiment. A linear Arrhenius temperature dependence
rate constant. with a small slope, corresponding to a low activation energy,
The vibrational-state distributions of the product HF in the was obtained for each of the three reactions. This behavior is
reactions F+ HCI, F + HBr, and F+ HI at 298 K, which in agreement with all the available experimental results for the
were obtained from our QCT calculations, are presented in Tablerange of temperatures below room temperature, except for the
5 where they are compared with available experimental data. results of Wuzberg and Houston for f HBr.2* The results of
A comparison between our results and the experimental resultsWirzberg and Houston indicate a very unusual behavior,
of Tamagake et dlis shown in Figure 3. Also included in this  especially for the F- HBr reaction. For F+ HCIl and F+ HI,
figure are the results of Aker et al. for £ HBr.8 As can be they found a slight increase (for+ HCI) or no increase (for
seen from Table 5 and Figure 3, the agreement between ourF + HI) of the rate constant when the temperature was raised
calculations and the experiment is quite good for all three from low temperature (194 K) to room temperature and then
reactions. QCT calculations of the vibrational-state distribution an appreciable increase when the temperature was increased
on LEPS potential-energy surfaces for all three reactions were further. For F+ HBr, a minimum value was obtained for the
also performed by Beadle et dlgut no numerical values have rate constant around 271 K and it increased with either raising
been reported by them. A comparison between their calculatedor lowering the temperature. This behavior is in contrast to the
results and their experimental results is shown in Figure 1 of normal behavior found in our laboratory for this reaction, as
their publication. This figure indicates a far less satisfactory well as for the isotopomeric reactior=DBr and for the similar
agreement with experiment then that achieved in the presentreaction Cl+ HBr. We believe that this unusual behavior is
calculations. QCT calculations of the vibrational-state distribu- wrong and is due to some experimental difficulties. The small
tion for the F+ HCI reaction on an ab initio potential-energy activation energies obtained from our calculations fer HCI
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and F+HlI are in good agreement with available experimental are in good agreement with experiment. The agreement is better
data. The value calculated for + HBr (0.16 kcal/mol) is than for the other calculations carried out until now. It seems
smaller than the experimental value from our laboratory (0.90 to us that such agreement is nearly the best that can be achieved
kcal/mol), though both of them indicate a slow increase of the using LEPS potential-energy surfaces. More accurate potential-
rate with temperature. energy surfaces are needed in order to improve the agreement
Calculations were also carried out for the isotopomeric still further. Additional kinetic experiments, especially studies
reactions F+ DCI, F + DBr, and F+ DI at 298 K. Low kinetic concerning the temperature dependence of rate constants, would
isotope effects were obtained in satisfactory agreement with also be very helpful for a thorough study of the dynamics of

available experimental data. these reactions.
The partitioning of available energy of the product HF
between vibrationf(), rotation (), and translationf), for all References and Notes
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