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Electron Attachment and Detachment: Cyclooctatetraene
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Electron attachment and detachment rate constants were measured for 1,3,5,7-cyclooctatetraene (COT) in a
He/Ar buffer gas over the temperature range 2965 K. A flowing afterglow Langmuir probe apparatus

was used for this work. Within experimental uncertainty, the electron attachment rate coefficient is independent
of temperature in this range, at a value of 3.0 x10°° cm?® s™*. The electron detachment rate is negligible

at room temperature, but climbs to 995 at 365 K. The attachment/detachment equilibrium constant implies

that the electron affinity of COT is 0.5% 0.03 eV, in agreement with other studies using different methods.

A vertical detachment transition from the planar anion leaves COT in a planar transition state for ring inversion.
G2(MP2) and density functional calculations were carried out for COT neutral, anion, dianion, and the ring
inversion transition state. The G2(MP2) ring inversion barrier height compares well with the experimental
result from NMR studies.

Introduction used to measure the decay in the electron density as a function
of distance along the flow tube axis, due to electron attachment.
These data, coupled with measurements of the plasma velocity
and diffusion coefficient, allow us to determine the electron
attachment rate coefficieAf. The only ion product of attachment
observed was the parent anion (CQTEA(COT) is low enough

hat thermal electron detachment from CQOdccurs in the flow

There is a large conformational change between 1,3,5,7-
cyclooctatetraene neutral (COT; tub-lik)and anion (COT;
planar)? to the point where there is no Franeondon overlap
between the neutral and anion ground vibrational sthtes.
Moreover, experiments by Wenthold et‘ahave shown that
iF;]hgtg?;rgfrt‘gﬁ;tﬂfg?:gtt:é ?‘E)?ur?r?gsgtn%grz?cl)gh éegsjs?%fnfhﬁr _ube, so that extraction of rate constants frc_)m the raw data must
the photodetachment threshold energy is greater than tHemCI.Ude the elt_ectrgn detachment procé’sEJ.gure ! ShOWTQ' a
adiabatic electron affinity (EA) of COT by about 0.5 eV, and typlcal determination of the electr.on density as a function of

X ) ! distance down the flow tube, obtained at a temperature of 354
photodetachment cannot be used as a direct measure of the E

; .~ ~"Kand COT concentration of, = 2.53 x 10 cm™3 (a partial
Measurements of EA(COT) have been made using the kinetic ;
o concentration of about 10 ppmv). The measurements were taken
method (0.58+ 0.04 eV)? by charge-transfer equilibrium (0.55 ppmv)

. oA . over a flow tube distance of 35 cm with a plasma velocity of
+ 0.02 eV)® and through electron/ion equilibrium using an P y

10.2 m s1. The initial portion of the plot in Figure 1 is mostly
;
glectron capture.detector (0'580'0.4 ?V)' The valu.es. are all governed by the magnitude of the electron attachment rate
in agreement with one another within the error limits placed

A constantk,. The later portion is influenced mostly by electron
on each. These values all indicated that we would be able t0 yetachment from COT, with a rate constanks, Ambipolar

observe the thermal attachment and detachment of the electro
in a flow tube at moderate temperatures. The question addresse
in this paper is whether the unusual conformational change
results in any peculiarity in thermal electron attachment and
detachment processes, such as an unusual temperature depe
dence; the answer is that there is nothing atypical in the kinetics
although the attachment rate constant is rather small.

iffusion is active over the entire reaction time. For determining

e attachment and detachment rate constants, the optimum
conditiong? are thatky and the attachment frequency &)
are similar in magnitude, and thiaf dominates over ambipolar
Hitfusion (vp in Table 1). Ifvp > kg, the steady-state condition
"illustrated in Figure 1 is never reach&tFor the data set shown
in Figure 1 at 354 K these conditions are met; the attachment
frequency € kan, = 1030 st at the COT concentration given)
is of the same order as the measured detachment kate (

A flowing-afterglow Langmuir-probe (FALP) apparatus was 737 s%), and both are larger than the diffusion frequenay (

Experimental Section

used in the present wofé In the FALP, a weak electron = 398 s1). We estimate uncertainties ef35% for both the
He*, —Art plasma was established in a fast flow of He/Ar attachment and detachment rate constants.
buffer gas (133 Pa pressure;2% Ar). Halfway down the 1-m COT was used as purchas€dexcept for several freeze

long flow tube a known flow rate of COT vapor was added pump-thaw cycles. Mixtures of 1.8% COT in helium were
through a 3-needle inlet, and a movable Langmuir probe was made up for introduction into the flow tube through a helium-
calibrated flowmetet?2 COT was found to be “sticky” so that

* Corresponding author. E-mail: thomas.miller@hanscom.af.mil. the glass mixture vessel required passivation, and the feedlines
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30 T T T T T T the first half millisecond of reaction time, a region that is
R e + cyclooctatetraene important for determining,. Furthermore, the Langmuir probe
354 K must be operated in a collisionless-sheath regime, a requirement

which will be violated at high pressures, manifested by
. diffusion only - nonparabolic voltagecurrent characteristicsTests over the

limited pressure range useful for us indicate that any err&g in
] is covered by the-35% uncertainty estimate. The largest single
uncertainty is associated with and is related to the very low
vapor pressure of COT.

At each temperature the electron attachment and detachment
sttachm: | rate constants were used to determine EA(COT) according to
\ detachment, the procedure detailed in ref 10. The results quoted above for
' P the data set at 354 K will be used as an example. The
1 . . . . . . equilibrium constant was calculateliy(= ky/kg = 5.28 x 10712
0 1 2 3 cm?) and the free energy for the attachment reaction determined
(AG°354 = —0.566 eV). The entropy change upon attachment

] ] ) ) can be estimated as due to the loss of the electron entropy on
Figure 1. Electron density decay along the flow tube axis, Showing - 544 -hment, which is-0.254 meV mot? K1 (yielding TAS’
the appr_oac_:h tqaste_ady-state, d|ffu5|on-llm|tt_ad condition at long times. _ —0.090 eV at 354 K d to the ch in th ¢
The solid line is a fit to the data of a solution to the rate equation : ev a ), and to e. change In the entropy
governing free electron density loss due to attachment and diffusion, Petween COT and COT The change in the entropy between
and electron density gain due to thermal detachment. COT and COT is given by the sum of the electronic, rotational,
and vibrational entropy changes (the change translational
entropy, i.e., mass, is trivial). The electronic entropy change is
just the ratio of spin degeneracies between COT (a singlet) and

-
o
T

attachment
and \
diffusion

w

electron density (108 cm'3)

reaction time (ms)

TABLE 1: Electron Attachment (k,) and Detachment Kq)
Rate Constants for COT

T(K) ka(10°cm?s ™) ka (s7)° vo (s COT (a doublet), since there are no other low-lying electronic

295 3.3 (60) 291 states. The change in rotational entropy, to the extent that the
317 3.2 (190) 329 rotational moments of inertia of ion and neutral are nearly

329 3.2 300 317 equivalent, is given by the inverse ratio of rotational symmetry

339 4.1 493 371 - o L

354 39 739 398 numbers for COTD,q, 0 = 4) and COT (Dgn, 0 = 8). This is

365 3.3 995 454 in the opposite ratio of the electronic entropy, and therefore

. . . ) the net change in the sum of the electronic and rotational entro
aThe experimental uncertainty i435% except that theky in 9 Py

parentheses are not reliable since they are smaller than the ambipolarlS ZEr0. The_ Vlbratlc_mal entropy_ for COT and_ COWII! nOt.
diffusion rate, but give the best fit to the data. For comparison ljth  1Ully cancel if there is an appreciable change in the vibrational
the measured ambipolar diffusion decay constanis given for the frequencies upon electron attachment, but even for the dramatic
electron-He", —Ar* plasma at 133 Pa pressure anti0 m s* plasma conformational change, the vibrational frequencies do not
velocity. change all that much on forming the anion. These qualitative

predictions are confirmed by Mgller-Plesset perturbation theory
needed as long as 45 min of passivation with the 1.8% COT and density functional calculations described in the Appendix.
mixture at room temperature. The low vapor pressure of COT The scaled HartreeFock results given in Table Al yield a total
and its stickiness led to greater uncertainty in the rate constantsentropy for COT at 354 K of 3.648 meV moft K1, and that

than usually experienced. for COT is 3.606 meV mol* K1, resulting in a net change of
. . only +0.042 meV mot! K~* and a contribution to the AS®
Results and Discussion term of only+0.015 eV. For the overall electron attachment

Table 1 gives the rate constants derived from the electron "€action, the RS’ term amounts te-0.075 eV, which is only
density data. Each reported rate constant is the average®f 2 @ 13% adjustment to the free energy to obtain the enthalpy of
data sets at the same temperature. Within the reported experiattachmentAHss, = —0.65 eV.
mental uncertainty, we do not observe any systematic variation The electron affinity is defined as the energy of attachment
in the electron attachment rate constant over the-Z#5 K at 0 K, where the molecule, negative ion, and electron all have
range; the average of the values determined over all temperaturegero internal and translational energy. The enthalpy (energy) at
is 3.5+ 1.0 x 1079 cm3 s~1. Comparison of this rate with that 0 K is determined by adding 5 kT/2 for the electron thermal
expected from the collisional rate constant given by Kibts energy (0.076 eV at 354 K) to the enthalpy of the attachment
shows that attachment occurs on about one of every 100reaction at temperatur€ and then adding the difference in
collisions at 295 K. The other collisions result in autodetachment integrated heat capacities between COT and COThe
before collisional or radiative stabilization of the electron  calculations described in the Appendix show that the inte-
molecule complex can take place. grated specific heats of COT and CO®&Imost cancetthe

Recent experiments at Montana State Univetsitysing difference is only 0.004 eV at 354 K. The final result for the
azulene as the attaching gas over a wide pressure range implyelectron affinity is EA(COT)= 0.57 £ 0.03 eV, which is the
that higher buffer gas pressures are required to achieve completeéwverage of the 4 data sets (such as shown in Figure 1) at 354
thermal equilibrium in electron attachment/detachment experi- 365 K for which optimum fitting conditions obtain, as was
ments. It is not possible to test the pressure dependencediscussed earlier in this paper. The uncertainty in EA(COT) is
appreciably using the FALP apparatus. The FALP buffer gas based on assumption of worst-case 35% errdg @ndkgy, and
pressure may be varied from about 0.4 to 1.5 Torr,iputs a 5 K uncertainty in the gas temperature measurement and
inconveniently large at low pressures. At higher pressures, gasuniformity throughout the flow tube. We emphasize that the
flow around the reactant inlet needles causes a disturbance incorrections for the difference in entropy and in the integrated
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Figure 2. Neutral, anion, and dianion structures for COT. The vertical placement of a structure indicates its approximate relative energy.

heat capacity of COT and COTare quite small: the resultis  respectively. ThelA,4 state is the transition state for ring
essentially independent of the calculated quantities given in theinversion in COT, as indicated on Figure 2. Since EA(COT) is
Appendix. Our value for the EA(COT) is in excellent agreement measured by other means, then the barrier height for ring
with the literature value%;” that is, it falls within the range inversion may be deduced from th&;4 — 2By, ion to neutral
enclosed by the error limits of each determination. This transition energy. Subtracting an average value of all experi-
agreement is a confirmation of the accuracy of our attachment mental values (weighted by experimental uncertainties) of EA-
and detachment rate constants from which our value for the (COT), 0.57 eV, from the photodetachment transition energy
EA is derived. (1.0994 0.010 eV} yields the barrier to ring inversion in COT,
Note thatAG°r is determined solely from the equilibrium  0.53 &+ 0.04 eV (12.2+ 1.0 kcal mof?). NMR work has
constant, which is in turn from the experimentally determined provided an estimate of 0.43.48 eV for the activation energy
ratio of the attachment and detachment rate constants; thefor ring inversion in solutiorf:?%-23 Multiconfiguration self-
entropy corrections used to determinél®r are largely from consistent field calculations for COT have been repdftadd
the loss of the electron entropy. Sincetheermal electron is yielded a barrier height of 0.46 eV.
attached/detached in this experiment, it is more useful to think  Though not particularly relevant to the present experiment,
of the “electron convention” in the thermochemisttylhe “ion the dianion is shown in Figure 2; it is aromatic, in contrast to
convention” defines the electron temperature as if a zero-energyCOT or COT", and is calculated (Appendix) to lie 2.67 eV
electron was formed (often a convenience in photoionization/ above ground-state COT.
photodetachment experiments where this is indeed the £ase), There are many examples in (nondissociative) electron
and therefore the electron thermal energy contribution has to attachment processes in which a large geometry change exists
be added in explicitly in a thermal experiment such as this one. between neutral and anion. The most studied case is that of
In any case, the EA, by definition, has a zero-energy electron SF; (refs 8, 24, and references therein). Structural calculations
and zero-energy ion, and is independent of the thermochemicalfor the neutral and anidhshow elongation of SF bonds upon
convention used. Boltzmann statistics for the electron entropy electron attachment, but no change in the octahedral symmetry
and heat capacity were used for conversion of the enthalpy atof the molecule. While the adiabatic electron affinity EAgBF
temperaturd to 0 K, consistent with standard usage of Chase is relatively small (1.05 eV3 the vertical electron detachment
et al. in the JANAF table& These authors pointed out that “at  energy for S~ is quite large (3.16 e\tJ because of the bond
an electron partial pressure of Fbar [7.5x 107 Torr], the elongation. The rate constant for electron attachment tasSF
deviation between classical and quantum [Fermi-Dirac] statistics large, 2.3x 10~7 cm® s~ at room temperaturéand one may
will be significant only below 5 K”. At 354 K this pressure speculate on whether the conformational change has anything
corresponds to an electron number density of 2.0103 to do with this nearly collisional rate constant value. In this
cm—3—well above the densities used for electron attachment in laboratory we have measured electron attachment rate constants
the FALP. Thermochemistry derived using Fermi-Dirac statistics for other single-center perfluoro compounds {SFPF;,28

for the electron has been presentédl, but the traditional MoFs,%° ReRs,?° and WR?9) that form the parent anion upon

Boltzmann statistics were adopted in the JANAF compilafibns  attachment; the room-temperature rate constants range over 4

and in recent reviews of gas-phase ion thermochemi&td. orders of magnitude, for reasons that are not understood. The
Figure 2 shows a summary of the structures of the various SF, comparison with S§is especially intriguing since the EAs

states associated with COT and COQTt is based on experi-  are similarly moderate in magnitude and the vertical detachment

mental and theoretical results from refs 2, refs 26-23, and energies are both large, although the,Stas both bond

the present work. elongation and angle changes on forming the parent anion. SF

Our value of EA(COT), 0.5% 0.03 eV, agrees quite well is far more chemically reactive than §Fyet Sk is found to
with previous work quoted in the Introduction. The photode- attach thermal electrons at a rate 1/10th that ofSF
tachment experiment of Wenthold et‘aheasured the energy The usual picture of electron attachment is that the electron
difference between the ground-state anibg.(2B,,) and two is temporarily trapped in a resonant continuum state (the only
planar neutral state&A g and3A,,, of symmetrieDs, andDgp, way to explain the size of attachment cross sections), and
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subsequently autodetaches, collisionally attaches, or radiativelyTABLE Al: Results of G2(MP2) and Density Functional
attaches. In this picture, the different electron attachment rate Ca|CU|at(']|0nS (DFT) for the LOWGSt'Enefgyzs'fateS of Neutral
constants are the result of the availability of resonant continuum (P2¢) @nd Anionic (D) COT (see Figure 2)

states and the competition between autodetachment and stabi- G2(MP2) DFT
lization. The structural difference between ground-state neutral quantity coT COT coT CcoT
and anion may not be as important as the presumably smallso35 83.2 841 840 855
structural difference between ground-state neutral and the (cal mortK-1)2

continuum-state neutral to which the electron binds temporarily. /**CodT 5.93 6.02 6.08 6.23

(kcal mol1)2

. zero-point energy 0.12802 0.12412 0.12702 0.12434
Conclusions (h@
total —308.96503—308.98431—309.56370—309.59743
In the present work, we have measured the electron attach- © ?Oféjehr)%y
ment rate constants for COT and detachment rate constants folEA (eV)? 0.52 0.91
COT- over the temperature range 29865 K. The attachment ~ r(C—C) (A)° 1.468 1.438 1.472 1.441

r(C=C) (A)° 1.346 1.379 1.340 1.378

rate constant does not change significantly in this temperaturer(C_H) (Aye 1001 oy e 1001

range; the average value is 3551.0 x 10° cm® s71, which . .
corresponds to an electron attachment efficiency of about 1%. ®HF/6-31G(d) level of theory (with frequencies scaled by 0.8929)
The detachment rate constant is negligible at room temperature for G2(MP2) results, and B3LYP/6-3315(d,p) level of theory (with

: v . frequencies scaled by 0.9613) for DFT results. The entrSfy,, and
g T m
but rises to 995" at 365 K. The equilibrium constant is used the integrated specific heat3>“C, dT, were evaluated at 354 K for

to determine .the eleptron afflnlty' of COT'. 0-570'93 ev.,in interpretation of the electron attachment data. Hartree units are denoted
agreement with earlier work. This result is also in agreement py n.> G2(MP2) formalism, or B3LYP/6-31:£G(3df,2p)//B3LYP/6-

with that (0.52 eV) obtained from a G2(MP2) calculation 311+G(d,p)+ ZPE for DFT results® MP2(Full)/6-31G(d) for G2(MP2)
detailed in the Appendix. The G2(MP2) result is expected to results, and B3LYP/6-31G(d,p) for DFT results.

be good to better than 0.1 eV. Combining the experimental EA-
(COT) with the result of a photodetachment experirigiglds

the height of the barrier to ring inversion in COT, 0.£30.04

TABLE A2: Ancillary Results for Two COT Transition
States and the Dianion Ground State (see Figure 2)

eV. The G2(MP2) calculation gives 0.59 eV for this barrier CASSCF G2(MP2)
height. The CO%" dianion is calculated to lie 2.67 eV above cot cot COT*
ground-state COT. bond switching ring inversion  dianion
quantity transition state transition state ground state
Acknowledgment. We thank Prof. Paul Wenthold of Purdue  zero-point energy (R) - 0.12890 0.12037
University for discussions leading to this project and for total energy (0 K, 1) - —308.94318 —308.86693
r(CC) (Ay 1.396 1.350, 1.470 1.416

critiquing the manuscript. We are grateful for continued support
of this laboratory by the Air Force Office of Scientific Research.

T.M.M. is under contract F19628-99-C-0069 to Visidyne, Inc.,  *HF/6-31G(d) level of theory, scaled by 0.8929. Hartree units are
Burlington, MA. denoted by h? G2(MP2) formalism CASSCF/6-31G(d) for CASSCF

results, and MP2(Full)/6-31G(d) for G2(MP2) results.

r(CH) (A)e 1.077 1.089 1.103

Appendix molecular orbital set chosen gave the lowest-energy wave

Calculations were carried out on COT and COgrimarily function. To obtain EA(COT), total energies were improved
to confirm the very small size of the entropy and heat capacity using (a) the G2(MP2) method, which approximates a QCISD-
differences between anion and neutral, which enter into the (T)/6-311+G(3df,2p) energy, and (b) B3LYP with the larger
conversion of the measured free energy of electron attachmentbasis set 6-314tG(3df,2p) and tight convergence of SCF
to COT, into an electron affinity. At the same time, we were integrals. We have found the G2(MP2) method to be accurate
interested in how well the two theoretical methods used here to 0.1 eV for EAs, while the DFT result is not expected to be
could predict EA(COT), and where the dianion COTies in better than 0.3 eV. Table Al gives the results of these
energy relative to COT. The GAUSSIAN-98W program pack- calculations, focusing on data needed for the interpretation of
ageC was used in this work. ThB,g and D4, symmetries of the electron attachment experiment at 354 K. Molecular point
COT and COT, and theDg, symmetry of CO%-, were groups and states are given in Figure 2. The G2(MP2) value
enforced in the calculations. Total energies were obtained usingfor EA(COT), 0.52 eV, is in good agreement with experiment
both second-order MgllerPlesset perturbation theory (MP2) (0.55-0.58 eV), and well within the expected accuracy. The
and density functional theory (DFT). MP2 geometries were DFT EA(COT) is high, but not surprisingly so.
obtained using MP2(Full)/6-31G(d) as prescribed by the G2-  Table A2 gives ancillary results for two COT transition states
(MP2) formalism. DFT geometries were obtained using Becke’'s and the dianion ground state, for the specific states shown in
hybrid functional including the LeeYang—Parr correlation Figure 2. Comparing the G2(MP2) total energy of the ring-
functional (B3LYP), with the Gaussian basis set denoted by inversion transition state with that of ground-state COT yields
6-311H-G(d,p). Frequency calculations verified that the structures the barrier height for ring inversion, 0.59 eV (13.7 kcal ril
were true minima and yielded zero-point energies. For the MP2 This result is expected to be accurate within 0.1 eV and
results, the frequency calculations were carried out with Hartree- compares favorably with the 0.58 0.04 eV (12.2+ 1.0 kcal
Fock theory, using the 6-31G(d) basis set and scaling the mol™Y) deduced from EA(COT) and the photodetachment
frequencies by 0.892%. For the DFT results, the frequency transition energy to the ring-inversion transition state. The bond-
calculations were carried out using B3LYP/6-31G(d,p), and switching transition state could not be studied with the G2-
scaled by 0.96181-32The transition state for ring inversion in ~ (MP2) prescription as it requires a two-configuration method.
COT has one imaginary frequency (negative force constant) Results using complete active space self-consistent field (CASS-
corresponding to the inversion motion. The stability of each of CF) methods were reported in ref 20, where the bond-switching
the wave functions was checked, i.e., it was verified that the barrier height was calculated to be 0.18 eV (4.1 kcal ol
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The CASSCF energy is not given in Table A2 because it cannot

be compared directly with the G2(MP2) or DFT energies given
for the other molecules. The dianion is calculated to lie 2.67
eV above ground-state COT.
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