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Boron subhalide cluster dianions Bexé’ (X = ClI, Br, ) are electrochemically oxidized in two steps. According to
cyclic voltammograms, the first step is chemically reversible and yields the corresponding radical anions BgXg .
The electron transfer is nearly diffusion controlled. The second, slower electron-transfer step leads to a species
which we assume to be the hitherto not yet described neutral compounds Bﬁxg. The voltammograms indicate a
coupled fast catalytic reaction, producing the radical anions in a reduction by an electrolyte component. Computer
simulations of the cyclic voltammograms reveal mechanistic details of the redox reactions, as well as quantitative
values for formal potentials, rate constants, and diffusion coefficients. The results are compared to other B.X,
redox systems.

Introduction and steric effect®? Similar stabilization was observed for

11
According to WADE's rules? boranes with (8 + 2) BlZ(O,CHth)lZ' ) i
binding electrons forntlosocages. The stable dianions of Various reports of electrochemical redox transformations
boron subhalides, X2~ (X = hal, n = 6, 8-12), are betweenclosadianionic andhypercloseneutral boron sub-
» BXq ; ; ;

among the most prominent examplesdany of their halide clusters witm = 8—11 consistently show that the

structures have been characterized and are based®enex tv;/((;_etl_e ctr(_)nhs g{ N trgnsferr?d n Tepatratfggﬁ%-gellgfst_lr_?]n steps
deltahedrar{ = 6: ref 4,n=9: ref 5,n=10: ref 6,n = at distinguishable redox (or formal) potenti €

EC of the two steps are separated by several hundred mV, a
éresult which is also found for the benzylox, cluster
énentioned abové&. This “normal” potential ordering is
usually an indication that no appreciable reorganization of
the molecular structure is involved in the redox reactitns.
Changes in bond lengths and angles between the clusters
B,Bry" " have been investigated in detail.

* To whom correspondence should be adressed. E-mail: bernd.speiser@ The question is still open if this behavior is also followed

uni-tuebingen.de. Phonet-49 (7071) 29-76205. Fax+49 (7071) 29-5518. by cages with less than eight boron atoms. One could easily
TPart 6, see ref 1.

11: ref 7). Clusters with onlyr2binding electrons are often
also stable and possess similar structures. Although they ar
exceptions to Wade's rules, such hypercloso compounds hav:
been isolated in the boron subhalide series, e.g., fer &l

and n = 8 and 9° Their stability is explained by a
combination of ther-donor properties of the halogen atoms

(1) Ludwig, K.; Quintanilla, M. G.; Speiser, B.; Stauss,JAElectroanal. imagine that clusters with a smaller number of boron atoms
Chem.2002 531, 9-18.

(2) Wade, K.Adv. Inorg. Chem. Radiochem 976 18, 1—66. (8) Morrison, J. A.Chem. Re. 1991, 91, 35-48.
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Electron-Deficient Cluster Compounds.Advances in Boron and the Trans.1999 1741-1751.
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are subject to increasingly serious structural changes as a All electrochemical experiments were performed with a Bio-

response to the addition or removal of electrons. This might
result in “potential inversion®? a situation which is char-
acterized by the instability of the intermediate (radical anion)
oxidation state with respect to disproportionatidh.In
particular, electrochemical techniques such as cyclic volta-
mmetry can be used to detect such behavior.

The next smaller well-known and structurally characterized
analogues are the 6-vertex boron subhalide dianions
(BgX3™, X = Cl, Br, I; derivatives with various combina-
tions of halogen atom$):51° Their boron atoms form a close
to octahedral coré&

Up to now, only the one-electron oxidation of thg)ﬁ’
to radical anions PXz has been investigated by chemical
and electrochemical meafsand redox potentials were
qualitatively correlated with the steric and electronic effects
of the halogen atoms in the clustérDetailed analyses of
IR/Raman®?and ESR specttal®as well as X-ray crystal
structure determinatiotsand quantum mechanical calcula-
tiong? of the oxidized species revealed exceptional stabilities

analytical Systems (BAS, West Lafayette, IN) 100 B/W electro-
chemical workstation controlled via a standard personal computer
(control program version 2.0). For electroanalytical experiments, a
Pt electrode tip of Metrohm (Filderstadt, Germany) was used as
the working electrode. The electroactive ar@a={ 0.071 cnd) of

the Pt disk was determined from cyclic voltammograms, and
chronoamperograms as well as chronocoulograms of ferrocene
(fc).2* The counter electrode was a coiled Pt wire of 1-mm diameter.
A single-unit Haber-Luggin double-reference electdeas used

in most experiments. The resulting potential values refer to Ag/
Ag* (0.01 M in CHCN/0.1 M NBwPF). Fc was used as an
external standard. Its potential was determined by separate cyclic
voltammetric experiments, and all potentials were then rescaled to
EC (fc/fct) = +0.211 V vs Ag/Ad. All potentials in the present
paper are given relative to the fc stand#frd.

For cyclic voltammetry, a gastight full-glass three-electrode cell,
whose assembly for the experiments was described previously, was
used?® The cell was purged with argon prior to filling it with
electrolyte. Background curves were recorded before adding
substrate to the solution. These were later subtracted from the
experimental data with substrate. The automatic BAS 100 B\W

of the monoanions, but no dramatic structural rearrangementdrop compensation facility was used for all experiments.

if compared to the dianionic parent compounds.

No evidence for further oxidation to neutral clusters has
been described as yet. We report here for the first time the
occurrence of a second oxidation in theXB series (X=
Cl, Br, I) which leads to (under the solution conditions used)
unstable two-electron oxidation products of the dianionic
starting compounds. This seems to be the first evidence for
the existence of neutral &2.

Experimental Section

Starting Compounds. The tetran-propylammonium salts of the
clusters BX2™ (X = ClI, Br, )6 were received from Prof. Dr. W.
Preetz, Institut fu Anorganische Chemie, Christian-Albrechts-
Universitd, Kiel, Germany, and were used without further purifica-
tion.

Electrochemical Experiments.Dichloromethane (Burdick and
Jackson, stabilized with cyclohexene) was distilled through a packed
column and then dried over activated,®} (basic, activated at
400°C and 104 mbar for 4 h). Tetrar-butylammonium hexafluoro-
phosphate, NByPF;, was prepared from NBBr and NH,PF; or
recycled as described befdfelt was used in a concentration of
0.1 M in the base electrolyte.

The electrolyte was degassed by three fregremp—thaw cycles
before it was transferred into the electrochemical cell under argon.

(15) Fritze, J.; Preetz, W.; Marsmann, H. Z. Naturforsch. B: Chem.
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37, 4011-4014.
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Chem. Sci1999 54, 1103-1108.

(19) Heinrich, A.; Keller, H.-L.; Preetz, WZ. Naturforsch. B: Chem. Sci
199Q 45, 184-190.

(20) Thesing, J.; Baurmeister, J.; Preetz, W.; Thiery, D.; von Schnering,
H. G. Z. Naturforsch. B: Chem. Sc1991, 46, 800-808.

(21) Lorenzen, V.; Preetz, WZ. Naturforsch. B: Chem. Sci997, 52,
565-572.

(22) Burkhardt, A.; Wedig, U.; von Schnering, H. G.; Savin,ZA Anorg.
Allg. Chem.1993 619 437-441.

(23) Dimmling, S.; Eichhorn, E.; Schneider, S.; Speiser, B:;riléyu M.
Curr. Sep.1996 15, 53—56.

For preparative bulk electrolyses, working and counter electrodes
were nets of Pt/Ir, 90/10 (Degussa, Hanau, Germany). They were
separated from each other by a glass frit. The reference electrode
was similar to the one described above. This cell was also gastight
and could be thermostated. It was purged with argon prior to filling
it with electrolyte.

Numerical simulatior® were performed with the commercial
DigiSim software (BAS; version 2.1; FIFD algorithm, default
numerical options}® Semi-infinite planar diffusion was assumed.
The preequilibrium option of the program was enabled for chemical
equilibria only. The temperature was set to 298.2 K, and all transfer
coefficients of the electron transfers were assumed to be 0.5, while
both the uncompensated resistance and the double layer capacitance
were set to zero in the simulations.

ESR Spectroscopy.The ESR spectra were recorded with a
Bruker ESP 300 spectrometer.

Results and Discussion

General Voltammetric Behavior. The tetran-propylam-
monium salts of the cluster dianiong®2 , BsBr; , and
B¢l are easily soluble in Ci€l, and were electrochemi-
cally investigated in a CkCl,/0.1 M NBwPFs electrolyte.
The open circuit potentials of the dianion solutions Bgg
~ —0.310 V (BCIZ ), —0.170 V (BBrZ ), and—0.135 V
(Bgl2). Cyclic voltammograms of the I3~ and BBrz-
dianions with starting potentials close to the corresponding
Eoc exhibited three well-separated oxidation signals in the
accessible potential range of the electrolyte (peaks I, I, and

(24) Speiser, B.; Wide, M.; Maichle-M@smer, CChem—Eur. J.1998
4, 222-233.

(25) Gollas, B.; Krauss, B.; Speiser, B.; Stahl, Gurr. Sep.1994 13,
42—-44.

(26) Gritzner, G.; Kta, J.Pure Appl. Chem1984 56, 461—466.

(27) Speiser, B. Numerical Simulation of Electroanalytical Experiments:
Recent Advances in Methodology. Electroanalytical Chemistry
Bard, A. J., Rubinstein, I., Eds.; Marcel Dekker: New York, 1996;
Vol. 19.

(28) Rudolph, M.; Reddy, D. P.; Feldberg, S. Whal. Chem.1994 66,
589A—600A.
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Figure 1. Cyclic voltammograms of p(g’ in CH.Cl,/0.1 M NBwPFs at a Pt disk electrode: (a) % Cl, (b) X=Br, (c) X=1; v=1.0V s, c=0.217
mM (a); 0.125 mM (b); 0.316 mM (c); solid lines: potential range of first oxidation; dotted lines: switching potential selected to include the second
oxidation peak; broken lines: switching potential selected to include the third oxidation signal.

V; parts a and b of Figure 1), whereas only two signals were the case of the chloro cluster, these signals are more
observed in the case of B~ (Figure 1c). For X= Cl and developed at higher concentrations. They might thus be
I, at potentials immediately after the second (and, fo=X  related to products of second- or higher-order follow-up
Cl, also the third) peak, additional weak oxidation waves reactions. The cyclic voltammograms of B> do not
appear, depending on the time scale of the experiments. Inexhibit such signals. No reduction of any of the dianions is

4020 1Inorganic Chemistry, Vol. 42, No. 13, 2003
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Table 1. Parameters Characterizing the Redox Proced§ B~ BeX~ ratio i'F:/i'p (calculated according to Nicholson’s equaffdn
in CH:CI/0.1 M NBu,PFs is close to unity and, in particular, independent.ofThis
X EV kst® D¢ indicates chemical reversibility of the redox process and thus
al —0.088 4.0+ 0.4 x 10762 the persistency of the B on the time scale of these
—0.097 64 4.58x 10°6P experiments
Br +0.08% 6.7+ 0.2x 10762 P = o ”
+0.090 0.25 5.96x 1076b Electrolytic Oxidation of BgXg; (X = Cl, Br). The
| e 0.0977 77_3;5&0_15(;(%1@% chloro and bromo clusters in the investigated series of

o _ _ compounds were anodically oxidized in bulk electrolysis
@ From quantitative analysis of the cyclic voltammograms; mean values eyperiments. In both cases, a potential was applied that was
from various independent experimeri&8;from midpoint potentials? From L. 0 .
simulations of cyclic voltammograms with DigiSim and fitting to the ~MOre positive thaie®, but not high enough to reach the onset
experimental current/potential curvéddeterogeneous rate constant of of the second oxidation wave. The current through the cell
pert , hotent § J° . . nwa
oxidation to radical anions, in cm s ©In e s % ¢ Nominal value from —\ya5 jntegrated, resulting in a value for the total charge
fitting procedure, not significant due to diffusion control. . ;
transferred. From this charge and the amount of starting
obvious in the accessible potential range investigated (tocompound, the numbc;:[ of electrons transfzgrred was calcu-
~=1.2V). lated asn = 0.81 (B,Clg ) andn = 1.0 (B;Brg ), confirm-
From the results of these overall cyclic voltammograms, ing that the first oxidation signal corresponds to a one-
more quantitative experiments were planned: for various €lectron transfer in both cases. In accordance with earlier
. - . 2_
concentrations® were recorded cyclic voltammograms and reports} the solution turned yellow-green {8I5") or yel-
chronocoulograms, extending over (a) the first oxidation only low-orange (BBr; ). These colors correspond to those of
and (b) the firstand the second electron-transfer processes. the radical anion$.

The third oxidation and the weak Signals were not investi- When the solution of g:%_ was transferred into an ESR
gated in detail. However, exhaustive controlled potential type and frozen, a broad ESR signal with-factor of 2.014
electrolyses were performed at the potential of the primary \yas recorded. The latter value is close to the corresponding
oxidation step with the additional goal to identify the | oq s reported earlier for Bl (2.027}7 and for other
formation of radical anions by ESR spectroscopy. B.CI” (n=8 20179n=9: 2.018 n = 10: 2.029).

CVC"‘? Voltam.metry of First Oxidation 2§tep. Szeilected The spectrum did not show any hyperfine structure. In the
a”‘;'_tYp'C‘i' cyclic yoltammograms _OfGBl ! B_GBrG N and case of BBry, no ESR spectrum could be detected after
Bglg I the potential range of the first oxidation signal are -y 5ngter tg the spectrometer at either 293 or 77 K, although

pre%en_ted n dFlllgure j (S.Olld _Ir'ﬂefs) anlc_j e_xh|b|t peaks | this radical anion was characterized earlier after chemical
(oxidation) and Il (rereduction). Their qualitative appearance oxidation in the frozen stafé.

is in accordance with earlier results by other auth6t&The . . . . :
Simulation of Cyclic Voltammograms for First Oxida-

peak potential differencAE, is only slightly increasing with , X 7
the potential scan rateand approaches the theoretical value tion Step. Cyclic voltammograms of all three cluster dianions
in the potential region of the first oxidation step were

(0.058 V) for a diffusion-controlled (electrochemically " , e X ,
simulated with DigiSird® under the assumption of a quasi-

reversible) one-electron process at small The peak ; )
reversible one-electron redox process according to eq 1. In

potentials and the midpoint potentia, are almost inde- )
pendent ofv. Consequently, th& are a good estimate for all three cases, very good agreement between experimental

the formal redox potentigE® of the first oxidation step of and simulated curves could be established using a single set
eq 1 of system parameter£({, heterogeneous rate constant of

electron transferks;; transfer coefficientp; = 0.5) for the
BGXE_ —=BXy +6 1) voltammograms of a particular cluster at athndc® (Table
1; see Supporting Information for selected voltammograms
of the Bﬁxé_ to the corresponding & radical anions of .Bﬁlé_). Hence, the mechanistic hypothesis describes the
(Table 1). All potential values are essentially independent ©Xidation process well.
of ¢, indicating nearly complete compensation of iRelrop The formal potentials from the fitting procedure agree well
in the electrolyte. Only for the highest scan rates used does(Table 1) with those determined directly from the current/

a slight increase ohE, with increasing® become apparent. ~ potential curves. They increase with the size of the halogen
In accordance with the potential data, the peak current substituent, as observed beféf€The absolute values cannot

functioni:)/\/z—jco for X = Cl, Br is independent of andc®. easily be compared to those reported in the literature, but
Fromi! it is possible to estimate the diffusion coefficignt ~ the extent of the substituent effect agrees within 10 mV (see
according to ref 29 (Table 1). In the case ofXl, a slight also below discussion of substituent and cluster size effects).
be caused by a transition to quasi-reversibility at higor ~ Was explained by the decreasing ability to back-donate
this compound. Still, estimation d is possible for B2~ electrons from the halogen-orbitals to the boron atoms in
because the variation @f/v/vc® is weak. The peak current the cage?”

(29) Nicholson, R. S.; Shain, Anal. Chem1964 36, 706-723. (30) Nicholson, R. SAnal. Chem1966 38, 1406.
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The diffusion coefficients from the optimized simulations value ofig' was determined from a baseline extrapolated

compare well with those directly calculated from the peak from the decreasing part of peak | (BAS 100 B/W control
current data above (Table 1). program). For simple stepwise two-electron systei{ﬂﬂ';)

In addition to the parameters already determined from the should approach a value of unity. This limit is almost reached
voltammograms directly, the simulations also yield values for B¢z  and high scan rates, which indicates that the
for ks. These rate constants (Table 1) decrease with second oxidation step is indeed also a one-electron process.
increasing size of the halogen, i.e., the activation barrier for The most likely product is then 2.
the one-electron oxidation becomes increasingly higher if For X = Br and Cl and for smallev even in the case of

we go from X = Cl to Br and I, possibly because of X = I, however,i)'/i}, is much larger than unity and further
increasing steric strain. Although the results from the fitting increases with decreasing scan rate. In the case of the chloro
procedure show that I3~ is oxidized in a diffusion-  and the iodo clusters, the concentration dependeni¥/iof

controlled process, fBrg and B3~ show already mixed  is weak. For BBr2~, however, a considerable increase is
diffusion/electron-transfer kinetics control. The valuekgf observed for decreasing concentration, and®at 0.047

for B¢CIg " is only a nominal value resulting from the fitting  mM, extremely high values df, /il are reached.

procedure: At the scan rates used in the present work, the These peak current data indicate that an increased flux of
electron-transfer kinetics for the one-electron oxidation of electroactive material to the electrode is present in the second
the chloro-dianion is too fa¥tto estimate a significant value  as compared to the first oxidation step. Such behavior is
for this reaction parameter. In the case of the iodo compound,explained by the mechanism which was originally observed
on the other hand, the simulation results confirm the for Bnc|g (n = 8, 9¥ and later fom = 10 systems (¥= Cl,

conclusion of quasi-reversibility. Br).6 In comparison, we assume that the neutral clusters
Cyclic Voltammetry Including the Second Oxidation BeX3 formed at the electrode are reduced in the electrolyte
Step.Cyclic voltammograms in a potential region extending (homogeneous electron transfer) to yieldXg . At the
after the second oxidation signal (peak Ill, Figures4} of potentials of peak lll, the radical anion can of course be
the cluster dianions reveal a much more complex behavior reoxidized to BXg (heterogeneous electron transfer at the
than those discussed for the first step. For=)Cl and Br,  electrode surface). Consequently, we describe the overall

no reverse peak related to peak Il is present, not even atredox reaction in peak Ill by reactions 2 and 3
high scan ratesu(< 50 V s%). Thus, the second oxidation

step of these clusters is chemically irreversible at all time BXs —= BX? (heterogeneous) @)
scales used. Only for X |l at v = 20 V s ! does a reverse

peak IV begin to appear (see Figure 5 for= 50 V s%). BgXs + € — BgX; (homogeneous) 3)
Recently, we had observed a reverse peak for the second

oxidation step starting from BX3, (X = Cl, Br) at fast Spectroscopic resufthiave shown that traces of residual
voltammetric time scales, indicating that thg,8), have water in the solvent are responsible for this reduction,
short but finite lifetimes under these conditichy com-  possibly through partial hydrolysis of-88 bonds in some

parison, we interpret the product of the second oxidation of of the starting compound.

B¢l2 as B2 The Bils cluster seems to have a persistency ~ Chronocoulometry. The Anson plot¥ of chronocoulo-
comparable to BXJ, On the other hand, &J and BXj metric data for the first oxidation steps of the)§ (X =
qu|ck|y react in the CHCl, e|ectro|yte used in the present Cl, Br) are linear and do not show an intercept. We conclude
work.? In comparison, the stability of hypothetically neutral that adsorption of the clusters, both in the dianionic and the

B.X{ clusters (X= Cl, Br), if formed in peak Ill, is lower monoanionic form, is negligible. The rat@(27)/Q(z) is close
than that of %|c6>_ to the value 0.414 expected for a chemically reversible

oxidation process. In accordance with the cyclic voltammetric
results discussed abov@(27)/Q(r) approaches unity if the
potential step is extended over the second oxidation process.
This confirms the fast chemical reaction of thgX§. Also,

in accordance with the “catalytic reaction” hypothesis, the
Anson plot slope is much more than twice the value if one
steps across the second oxidation signal as compared to an
experiment only involving the primary one-electron oxida-
r%ion. For the simple stepwise two-electron system, we would
expect an increase by a factor of 2.

Simulation of Cyclic Voltammograms including the

rst and Second Oxidation StepsTo confirm the validity

The peak potentialg, (Table 2), dependent on shift
to more positive values with increasing scan rates by up to
several 10 mV per decade afBecause a simple first-order
reaction of the BX2 would result in a shift of only~30 mV
per decade, quasi-reversibility contributes to this strong shift.
Furthermore, in the intermediaterange around 2 \&71,
peak Ill becomes superimposed with the additional weak
signal. In some voltammograms, peak Il is severely distorted
and a peak potential cannot be determined. The concentratio
dependence of the peak potentials is small at slow time
scales. Some stronger dependence occurs only at the highe."a_li

scan rates. ol /o0 . of the mechanistic hypothesis (eq 2)/(eq 3) for the second
The peak current functiok] /v'vc? is much larger thail/ oxidation and to estimate thermodynamic and kinetic pa-

-1
Vuc® (see Table 3 for the peak current raffyiy). The  rameters for the various reaction steps, the cyclic voltam-

(31) Matsuda, H.; Ayabe, YZ. Elektrochem1955 59, 494-503. (32) Kim, J.; Faulkner, L. RAnal. Chem1984 56, 874—880.
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Figure 5. Cyclic voltammogram of @é’ in CH2Cl/0.1 M NBwPFs; ¢ = 0.316 mM,v =50 V s°L.

Table 2. Peak Potential&," for the Second Oxidation Peak in Cyclic Voltammograms gk

BCl5 BBre Bgl2™

vIVs~1 0.102 mM 0.217 mM 0.421 mM 0.047 mM 0.125 mM 0.197 mM 0.158 mM 0.316 mM 0.477 mM
0.02 +0.660 +0.669 +0.669 +0.767 +0.806 +0.801 +1.113 +1.116 +1.118
0.05 +0.687 +0.683 +0.681 +0.840 +0.847 +0.814 +1.129 +1.132 +1.137
0.1 +0.695 +0.696 +0.692 +0.853 +0.827 +0.824 +1.143 +1.144 +1.151
0.2 +0.702 +0.701 +0.703 +0.858 +0.839 +0.837 +1.152 +1.158 +1.225
0.5 +0.724 +0.717 +0.720 +0.867 +0.858 +0.857 +1.189 +1.191 +1.205
1.0 +0.729 +0.729 +0.752 +0.876 +0.870 +0.896 +1.260 +1.241 +1.258
2.0 +0.745 +0.743 +0.745 +0.891 +0.887 +0.886 +1.444 a +1.370
5.12 +0.767 +0.800 +0.775 +0.912 +1.005 +0.916 +1.174 +1.198 +1.209

10.24 +0.783 +0.784 +0.797 +0.930 +0.935 +0.938 +1.245 +1.184 +1.207

20.48 +0.898 +0.815 +0.850 +1.002 +0.960 +0.972 +1.172 +1.192 +1.205

51.2 +0.825 +0.867 +0.909 +1.014 +1.015 +1.029 +1.174 +1.212 +1.238
aPeak overlapping with a further, weak signal at slightly higher potential.

Table 3. iy'/i, in Cyclic Voltammograms of BX~ Clusters
BCl3 BeBra~ Bel2~

vlVs™t 0.102 mM 0.217 mM 0.421 mM 0.047 mM 0.125 mM 0.197 mM 0.158 mM 0.316 mM 0.477 mM
0.02 3.83 3.17 2.56 22.85 9.27 7.94 12.37 11.84 10.79
0.05 3.67 3.11 2.60 12.56 9.06 7.19 10.01 9.74 9.35
0.1 3.42 291 2.55 10.67 8.57 7.34 8.84 8.50 7.89
0.2 3.46 3.05 2.68 10.71 8.17 7.15 7.30 7.08 6.54
0.5 3.52 341 2.87 10.19 7.80 6.86 5.39 5.27 4.96
1.0 3.61 3.44 2.68 9.49 8.11 6.26 3.89 4.01 3.72
2.0 3.64 3.51 3.00 8.83 7.81 6.61 3.47 3.39 3.18
5.12 3.49 2.95 3.04 8.27 6.53 6.24 2.01 2.05 1.89

10.24 3.48 3.66 2.94 6.96 6.21 5.81 1.59 1.73 1.62

20.48 2.29 3.88 3.64 5.94 5.81 5.56 1.51 1.55 1.47

51.2 2.84 3.06 291 5.03 5.08 4.85 1.34 1.47 1.36

mograms of the BX;~ in the potential range extending be essentially irreversible. In the context of the DigiSim
over the firstand second oxidation waves were simulated simulation program, however, reaction 4 had to be formulated
and the results fitted to the experimental curves. Voltam- as an equilibrium step with a large equilibrium constignt
mograms for 0.0 v < 51.2 V s' and allc® were used (K, was set to a fixed value of 30 changes oK, from this
for the fitting process. Only voltammograms for=XC| and value did not influence the simulation results to an ap-
I could successfully be simulated (Figures 2 and 4). To preciable extent).
generate satisfactory agreement between experiment and pe narameter values determined above from voltammo-
simulation for all compounds, an additional reaction step grams in the potential range of the first wave (Table 1) were
BGX2—> p (4) used for these more complex calcqlations, aqd .the corre-
sponding parameters were not subject to variation in the
had to be included, in which the neutral cluster reacted to fitting procedure. The most important parameters varied were
an as yet unidentified product P. We assume this reaction tothe formal potentialE® (BX; /BgXJ), the heterogeneous
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Table 4. Simulation Parameters for the Cyclic Voltammograms of making the transfer of the second electron slow. A similar
Two-Step Oxidation of BX? effect had been observed for thg@®, (n = 8, 9) series.
X= The analysis in the section “Cyclic Voltammetry Including
params cl l the Second Oxidation Step” has already shown th&r$s
EO (BeX2 /BeXy )V —0.097 +0.185 might present a more complex behavior thagCl%_ and
kedom 572 64 0.0977 B¢l2 . Indeed, simulation of the @Br2  voltammograms
aP 0.5 0.5 66 . 6 . .
EO (BoXS /BXY/Ve +0.775 +0.882 proved unsucges_sful Wlt_h t_he mechanistic scheme dlscqssed.
kedcmsic 0.5245 0.0413 Although qualitatively similar (occurrence of peak Il with
az® 0.5 0.5 high intensity, missing reduction peak 1V), some second- or
Kyl 2.259x 1018 2.966x 108 h'gh d Y, >INg b P | d)’ for th
kefsLc 2 % 10° 18x 10 igher-order reactions must (la involved to account for the
Kbe 1010 1000 concentration dependenceif)fii,. Peak Il is much smaller
ko/s1¢ 9.557x 10° 11.01

as compared to the voltammograms of the other two clusters.
Furthermore, the bromo cluster voltammograms (Figure 3)

a From simulations of cyclic voltammograms of first oxidation step; see ihi ilei u i 41
Table 1.° Fixed value £ Determined by fitting of simulations to experi- exhibit the striking feature of “curve CrOSSIFfﬁ” at low

mental cyclic voltammogramé€.Value determined by DigiSim during ~ SCan rates and concentrations.
detection of “thermodynamically superfluous reactiorfd’arge value Curve (or trace) crossing usually requires the presence of
selected in order to model irreversible chemical reaction. . . .

two redox steps linked by a chemical reaction (ECE
mechanism) and the so-called “cross reaction”, which

constantsks andk, of reactions 3 and 4, respectively, which interconverts the redox partners of these two prqcé§§és.
were assumed to be of (pseudo) first order. In comparison H€NCe, We tested mechanistic hypotheses that involved an
to oy in the simulations discussed before, the transfer ECE process in peak Iil starting fromyBrg . However, all
coefficienta, was fixed at a value of 0.5. Again, reaction 3 attémpts to model the behavior of peak Il with these
is necessarily an equilibrium reaction in the DigiSim mechanisms fallgd. Also, thg decrge}sed intensity of pgak 1]
formulation. However, the value of the corresponding could only be simulated with additional decay reactions.
equilibrium constanks is determined by the two formal ~ Consequently, no simulations for the, B¢ voltammo-
redox potentials as a so-called “thermodynamic superfluousdrams are shown, and we do not present quantitative results
reaction” paramete?ﬁ for the second oxidation OféBrE; to BGBrg.

Results from the fitting procedure for % Cl and | are Effects of Halide Substituents and Cluster SizeBoron
given in Table 4. Qualitatively, simulated voltammograms subhalide clusters with a variety of cluster sizes and halide
based on reactions-4 give reasonable to excellent agree- atom substituents have been investigated in recent years with
ment to the experimental current/potential curves over the regard to their redox properties, in particular the redox
entire range of andc® investigated. In particular, the height, potentials in the three-species redox serie;sXSB_’z_
shape, and position of peak Il as well as the height of peak (Table 5). In all cases, well-separated two-step redox
Il can be reproduced. In the case of=X1, the transition reactions from neutral via radical anionic to dianionic clusters
from an S-shaped wave Il at high scan rates (Figure 4, are observed. The difference of the formal potenti®k
bottom) to a peak-shaped signal at lower scan rates (Figurefor the &xﬂ"‘ and the ax;"z‘ redox processes is usually
4, top) indicates the presence of reaction 4 consumigy B several 100 mV, with no particular tendency toward either
If B4l3 were only undergoing reduction to the radical anion cluster size or substituent. In none of the cases is potential
in reaction 3, a current plateau would be expected even atcompressioft or inversiod apparent. Only a decrease of
small values ofv. In fact, the features of peak Ill are kg, is obvious. Although for the oxidation of B2  geo-
extremely sensitive to the values of the rate consteyasd metrical distortion is expected from quantum mechanical
ks, as well as their ratio. consideration&?43such behavior is not indicated in theXg

In the BsCls redox series, the S-shaped form of the series by any unusu@E°. A possible explanation may be
voltammograms is never reached in accordance with athe commonly accepted-back-donation of electron density
considerably increased rate constlantor the decay of the
neutral cluster gﬁl°, as compared to the rate for the decay (34) Feldberg, S. WJ. Phys. Chem1971, 75, 2377-2380.
of Bglg. The combined action of reactions 3 and 4 deter- (35 Amatore, C.; Pinson, J.; Sa, J. M. Thiebault, AJ. Electroanal.
mines the persistency of the neutral clusters, and the slowerzg) Anf,i?e'ux, %_ P. Merz, A.: Sae@t, J. M.J. Am. Chem. Sod 985

rates in the iodo case are consistent with the observation 0f(37) }:07, 61\39—:6,%\&35 R3. Am. Chem. S60.083 105, 3460-3463
. . . ox, M. A.; Akaba, RJ. Am. Chem. So .
reduction peak IV at fast time scales (Figure 5). (38) Gaudiello, J. G.; Wright, T. C.; Jones, R. A.; Bard, ALJAm. Chem.

A further interesting phenomenon appears from these  Soc.1985 107, 888-897.
calculations: the heterogeneous electron-transfer rate con{3% lDé‘;tg%hé '\359'*_81'858' J.; Fischer, H.; Neugebauer, FAAgew. Chem.
stantss, are smaller than those for the first electron transfer. (40) Hinkelmann, K.; Mahlendorf, F.; Heinze, J.; Schacht, H.-T.; Field, J.
i indi i i S.; Vahrenkamp, HAngew. Chem1987 99, 373-374.
This may indicate some influence of geometric Changes’ (41) Dietrich, M.; Heinze, J.; Krieger, C.; Neugebauer, FJAAm. Chem.
Soc.1996 118 5020-5030.
(33) Luo, W.; Feldberg, S. W.; Rudolph, M. Electroanal. Cheml994 (42) Evans, D. HActa Chem. Scand.998 52, 194-197.
368 109-113. (43) O'Neill, M. E.; Wade, K.Inorg. Chem.1982 21, 461-464.

Dicn?sta 4.58x 1076 7.58x 1076

rate constant for the second electron trankfgrand the rate
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Table 5. Formal or (if mentloned) Peak Potentials of Redox Processes is found. If we only compare fc/fereferenced potentials,

in the BX," /% Series E} = EAB,X;, /B,X7 ), E; = E°BX/BX; )¢ on the other hand, there is a strong increase of the redox
X =Cl Br I potentials withn for the first oxidation process starting from
n E E E = E = the &Xﬁ_. Interestingly, there seems to be a large break
— — i 0
6 —0097 +0775 +0.000  ©  +0185 -togez  Detween then = 9 and then = 10 compounds, witfE
6° (+0.577) (0.769) (0.884) (B X}, 1B X; ) of the clusters witm = 10 being shifted to
g +0067 +0.959 rather high positive potentials. Hence, these compounds are
9 40112 +0.600 - o
® (-063) (010) (072) (0.24) (-0.74) (-0.33) much more dlff!cult to oxidize than expected. The reason
10 4101 +1.73 +1.14 +1.77 for such a gap is not clear at present.
119 +1.a0 +0.97  >+13 413 +1.5 )
12 +1.92 Conclusion
aThis work.? Not available (see discussion of simulatiorfsys Ag/ The data of this work clearly show that the boron subhalide

AgCI/LiCl in ethanol from ref 174 From ref 9.2 From ref 13, reported vs cluster dianions @(E— (X = Cl, Br, |) are oxidized in two
a glassy-carbon pseudo-reference electrbBeom ref 6.9 From ref 7." Not . .
reversible; peak or approximate valueBadly separated from first peak. ~ S€parate steps through radical anions to neutral compounds
I From ref 12, differential pulse voltammetric peak; reported vs Ag/AgCl, which then undergo a fast rereduction with a solvent
recalculated vs fc/ft by comparing thé values of BXj, in ref 6 and  component. The stability of the neutral@ is sufficient to
12; no second oxidation observeéd/alues in parentheses cannot be . . .
recalculated to the fc/fcreference scale. detect this species at fast voltammetric scan rates. Thus,
despite their smaller size, the;%s clusters behave analo-
from the halide atoms to the boron cage, which might gously to the clusters witm = 8—11 boron atoms. The
attenuate the effect of the two-electron loss. results presented here extend the knowledge of the redox
A comparison of individual potentials for either of the two chemistry in the series of the,B, to smaller cages. Also,
redox processes is hampered by the use of different referencdhey indicate that BXg species exist and could possibly be
electrodes by various groups and the possible occurrence ofsolated under carefully controlled conditions.
diffusion potentials. While in the present work, as well as ~ However, several questions remain. In particular, it seems
in references 6 and 9, potentials are referred to the*fc/fc important to study the redox propert|es of the smallest
standard reference redox system recommended by ILRPAC, boron subhalide clusters, ,B]"?", of which B,CI;
other authors present data vs a saturated calomel eleétrode,knOWﬂ522 “4although its stability is low. Furthermore the
which can be recalculated vs fcHfavith the information nature of the reaction products indicated by the weak peaks
provided. Some results for the g8 2" and the in the cyclic voltammograms of the &3 and the reason
BoXJ* 2" 13 series are reported vs a halide-susceptible- Why the bromo cluster’s kinetic behavior deviates from that
reference electrode or a pseudo-reference electrode withoupf the other compounds investigated here may be worth
giving a value ofe? (fc/fc*). In these cases recalculation is  pursuing in further work.
impossible, and absolute values cannot be compared to the aAcknowledgment. We thank the Fonds der Chemischen
fc/fct-referenced data. Furthermore, in thepB; series, Industrie, Frankfurt/Main, Germany, for financial assistance
irreversible waves occurln contrast to thé® of reversible o T.w. We gratefully acknowledge samples of the boron
processes, their peak potentials are not only determined bycluster dianion salts, which were supplied by Prof. Dr. W.
the thermodynamics but also by the kinetics of the redox preetz, Institut fu Anorganische Chemie, Christian-Albre-
process. Consequently, these values are also not quantitachts-Universitg Kiel, Germany. We also thank Andreas
tively comparable td& data. The single potential value for  stauss for performing preliminary experiments with the

B,;X], was determined by differential pulse polarogra- chioro and bromo clusters and Paul Schuler for the ESR
phy!? Despite the fact that this value is reported vs a Ag/ experiments.
AgCl reference electrode, recalculation can be attempted by : . : . ) _
Supporting Information Available: Experimental and simu-

. 2— .
comparing the values forl@(lo in the same paper and our lated cyclic voltammograms ofalﬁ_ in CH,CI,/0.1 M NBwPF;,

results? . . . . first oxidation step. This material is available free of charge via
A tendency for an increase &F with the size of the halide  the Internet at http:/pubs.acs.org.

substituent can be observed for theXB and the BoXio
clusters, whereas the opposite effect is apparent for the dat
of the ByXg, and in the B;X11 compounds no clear pattern  (44) Atoji, M.; Lipscomb, W. N.Acta Crystallogr.1953 6, 547—550.
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