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Argon matrix reactions of alkali metal atoms with fluorine have been studied using laser Raman and infrared spectroscopy. 
Raman signals appropriate for the u i  intraionic (F+F)- mode in the M+F2- species have been observed to show an alkali 
metal effect due to interaction with the v2 interionic M+-F2- mode. Infrared spectra revealed several u2 assignments for 
the MfF2- molecules and intense sharp bands due to the MF and (MF)2 species. 

Introduction 
The fluorine molecular anion, F2-, was first observed in 

radiation-damaged salts by electron spin resonance spec- 
troscopy. In 1955, Kanzigl postulated the existence of F2- 
in y-irradiated LiF at 77°K. In later work, Delbecq, et a1.2, 
reproduced the Kinzig results on F2-, while Vande Kieft and 
Gilliam3 produced the F2- species by irradiation of alkali metal 
bifluoride salts (M+HF2-). Balint-Kurti and Karplus4 have 
performed potential energy surface calculations for the reaction 
Li + F, + LiF, + LiF + F (1) 

Even though this reaction is exothermic by approximately 100 
kcal/mol, there is a stable intermediate, isosceles triangular 
Li+F2-, which has a maximum calculated well depth of about 
40 kcal/mol. Recently, Ham and Changs have attributed the 
chemiluminescence arising from dilute gas mixtures of sodium 
and fluorine to NaF2. Very recently, Martinez de Pinillos and 
Weltner6 have obtained electron spin resonance evidence for 
F2- from alkaline earth metal atom-F2 matrix reactions. 

The possibility of observing such a potentially unstable 
intermediate species as M+F2- was greatly enhanced by the 
stabilizing effect of an Ar matrix. The reaction intermediate 
produced during condensation of alkali atoms and F2 was 
trapped in the rare gas lattice and kept available for spec- 
troscopic examination. This provided a look at the mechanism 
of an elementary chemical reaction, the combination of two 
elements to form the alkali halide molecule. Here follows a 
detailed vibrational spectroscopic study of alkali metal 
atom-molecular fluorine matrix reactions. 
Experimental Section 

The 15OK cryogenic refrigeration and vacuum apparatus for 
infrared7.8 and Raman9Jo studies of alkali metal atom matrix reactions 
has been described previously. The techniques for handling the alkali 
metals for producing atomic beams have also been reported. 
Evaporation temperatures appropriate to 0.5-1 .O g of alkali metal 
vapor pressure were used.8 

Fluorine was handled in a passivated stainless steel vacuum system 
constructed with “swaglok” fittings and Nupro SS-4BK valves. 
Pressures were measured with an Ashcroft vacuum gauge with a 
stainless steel Bourdon tube. Fluorine (Allied Chemical) obtained 
from the Naval Research Laboratory in small stainless steel cans was 
passed through a stainless steel U tube immersed in liquid nitrogen 
before use. In some cases the F2 can was cooled to 77OK before the 
sample was withdrawn. Argon (Air Products, 99.995%) matrix 
samples were prepared using standard techniques.11 

For infrared experiments, gas spray-on rates were initially 1 

mmol/hr slowly increasing to 2 mmol/hr when alkali metal atom 
codeposition was started. Sample formation was monitored by infrared 
survey scans and stopped after 10-20 hr when the sample transmission 
reached 30-40%. Calibration spectra, run at  8 or 3.2 cm-I/min on 
a Beckman IR-12 filter-grating spectrophotometer, are accurate to 
f0 .5  cm-1. 

Raman experiments employed gas deposition for 3--5 hr at 3 
mmol/hr with metal atoms for all but the first hour. Raman spectra 
were recorded on a Spex Ramalog using Coherent Radiation Model 
52G argon and krypton ion lasers. Dielectric filters (Corion In- 
strument Carp.) were used to remove undesired laser plasma emission 
from recorded spectra. Raman signals were calibrated by super- 
imposing emission lines on each side of the band during an actual 
running scan, which gives an accuracy of 0.5 to 1.0 cm--l depending 
upon the half-bandwidth. 

Results 
The infrared and Raman spectra of each alkali metal- 

fluorine-argon matrix combination will be. treated in turn. The 
Ar-F2 samples were diluted 50: 1 for Raman studies and 100: 1 
for infrared experiments, unless otherwise stated. As expected, 
the frequency regions for alkali fluorides trapped in solid argon 
were void of signals in the Raman work. The Raman signals 
shifted about 460 cm-1 were unstable with respect to laser 
photolysis; the Na-F2 reaction intermediate, which had a 
half-life of approximately 25 min, was the most photolytically 
stable new species observed. Further, these signals exhibited 
faster degradation than the 892-cm-1 F2 band, which has been 
shown to undergo photolytic dissociation with the blue .Ar+ 
laser lines and to react in solid Kr and Xe to form KrF2 and 
XeF2, respectively.12 

The infrared spectra were unexpectedly complex due to 
fluorine-carried impurities and alkali fluoride aggregates. 
Impurity bands will be identified where possible in the ap- 
propriate tables but will otherwise not be mentioned. Infrared 
surveys were taken with purified and unpurified F2 in the 
matrix without alkali metal, which provided a check on the 
impurity signals. 

Lithium. Raman spectra involving either Li isotope yielded 
identical signals, within experimental error: the F2 signal 
shifted 892.2 f 0.5 cm-1 from the laser source and a band of 
moderate intensity at 452.0 f 1.0 cm-1 (6Li) or 451.6 f 0.8 
cm-1 (7Li). This band is contrasted in Figure 1 with the 
analogous signals produced by the other alkali metal species. 
No other band was observed in any Li-F2 Raman experiment. 

The infrared scans of 6Li-F2 reaction products showed a 
strong doublet at 891.8 (0.32) and 886.6 cm-1 (0.53) (optical 
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Figure 1.  Raman signals in the 440-cmu’ region from alkali metal- 
fluorine matrix reactions. Conditions: 100 mW of 4880-8 excita- 
tion at the sample, 10 cm-’/rnin scan speed, 0.3 X A range, 3 
sec rise time (except Na), 10 sec rise time (Na); 5-A dielectric spike 
and neutral density filters used. 

density values will be given parenthetically, as here) ~ which 
were shifted to 841.0 (0.27) and 836.5 cm-1 (0.44) in 7Li work 
( M / R  = 50) ,  both illustrated in Figure 2. A moderately 
intense signal a t  708.4 cm-1 (0.25) found in 6Li experiments 
had no observable 7Li counterpart, presumably due to masking 
by the CO2 impurity present at 663.5 cm-1 (0.54); the former 
signal was completely destroyed with matrix warming to 38’K 
and subsequent diffusion. 

Other EiF species (dimers and higher aggregates) were 
observed whish exhibited isotopic shifts, and some mixed 
lithium species were found in a 6,7ki trial. A multiplet at 585.7 
(0.10), 576.5 (0.17), 569.8 (0.20), and 562.4 cm--1 (0.16) 
observed with the lighter isotope was found at 556.0 (0.12), 
550.7 (0.16), and 538.4. cm-1 (0.16) with 7ki. A 6Li doublet 
a t  519.8 (0.06) and 509.2, cm-1 (0.10) was shifted to 499.1 
(0.06) and 484.6 (0.1 1) with X i .  The diffusion experiment 
with SLi mentioned above elirninatcd the 890-cm-1 doublet 
but preserved the lower frequency features around 570 and 
515 cm-1, although they appeared with lower intensity. Table 
H lists the infrared absorptions observed in all of the alkali 
rnetalkF2 matrix reaction st-udies. 

A trial with mixed Li isotopes showed both LiF monomer 
signals with comparable intensities and indicated a 6ki:7Li ratio 
of 3:4. The series of bands ia the, 540--585-cm--l region was 
present, although not as well defined as in earlier trials, and 
a previously unobserved band a t  560.2 cm-1 (0.10) was found. 
The band clustered around 500 cm-1 appeared with an in- 
tesinediate member a t  510.1 en-1 (0.05); the signals previously 
found a t  520 and 499 cm-1 were too weak to measure. Ev- 
idence of lithium superoxidcs was found in all Li experiments.13 

Sadiunm. The Raman signal observed at 474.9 f 0.5 0 - 1  
in Na-Fz trials was stronger relative to the F2 band than with 
any of the other alkali metals; the sodium spectrum is shown 
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Figure 2. Infrared spectra of alkali metai-fluorine reactiwi pioducts 
suspended in an Ar matrix; spectral region 200-1000 cm I ,  M / R  - 
100, Scan speed 40 cm-’/min, 4.5% gain. Legend: I ,  impuiity; 8, 
oxides; D, dimer; A, aggregate. 

in Figures 1 and 3. The success of this experiment prompted 
two others, one with Ar:C!2 = 1OO:l and the other with 
Ar:C12:F2 = 400:1:2; the resulting spectra are coniparcd in 
Figure 3. Molecular chlorine appeared at 538 f 1 cm with 
a 35C137Cl counterpart at 530 f 1 cui-1 and metal-associated 
features a t  275.0 f 0.5 and 225.0 I 0.5 cm-1, while the 
mixed-halogen trial yielded no new bands but did reproduce 
the signals already mentioned. 

The infrared spectrum of Na-F2 matrix reaction products 
showed several signals, with the highest frequency band 
appearing at 492.6 cm-1 (0.64). The Na-IF2 Raman band v m  
reproduced in the infrared spectrum at 475.4 cm (0.10), with 
a stronger partner at 453.6 cm 1 (0.38). Dimer features were 
noted at 417.2 (0.19), 370.8 (0.60), 359.4 (0.12), and 350.3 
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Table I. Band Positions and Assignments from Infrared Spectra of 
Matrix-Trapped Alkali Metal-Fluorine Reaction Products 

Freq, cm" 
Assignment 

6 L i  + F, 'Li f F, -- 
965.5 
891.8, 886.6 
839.7 
769.4 
743.4 
708.4 
663.5, 658.0 
613.8 
585.7,576.5, 569.8,562.4 
519.8,509.2 
447.4, 438.0 
413.5 

314.0 
290.9, 281.0, 262.4 

965.7 
841.0, 836.5 
815.3 
769.6 
698.3 

663.2,657.7 
613.5 
556.0,550.7, 538.4 
499.1 
427.4,420.1 
413.2 
385.3 
297.7 
291.1. 280.7.262.0 

v ,  OCF, 
LiF 
v s  Li0,Li 
v 6  OCF, 
v ,  LiO, 
v ,  LiF, 
v2 co* 
v 5  OCF, 
v g  (LiF), 
(Lip), 
(LiF), (?) 
Impurity 
v 4  SiF, 
v, Li0,Li 
Imouritv 
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K + F ,  
- .  Na + F, 

Freq, cm" Assignment Freq, cm-' Assignment 
826.2 v3 OF, 825.9 v3  OF, 

475.4 v ,  NaF, 342.2 v2 KF, 

663.6, 658.0 v2 CQ, 663.8, 657.8 v2 CQ, 
492.6 NaF 396.6,391.6 KF 

453.6 v ,  NaF, 328.5 (KF),-linear 

417.2 (NaF),-linear 294.2 (KF), -linear 

370.8 (NaF) ,-cyclic 
359.4 (NaF),-linear 
350.3 (NaF),-cyclic 

426.3 (NaF), 303.7 (KF), -cyclic 

401.3, 391.3, 382.8 (NaF), 280.6 (KF), -cyclic 

- 273.1 (? ) 

-- Rb + F, 
Cs f F, Assign ~ 

Freq, cm-I ment Freq, cm-' Assignment 
826.4 v 3  OF, 663.3,658.1 v ,  CO, 
663.4,658.2 v2 CQ, 385.2 v ,  SiF, 
332.2 RbF 312.2 CsF 
266.1 v ,  RbF, 262.1 Metal fluoride (?) 
254.4,236.8, 233.2, (RbF), 248.3 v ,  CsF, 

231.6,228.8 214.5 (CsF), 

cm-1 (completely absorbing), while weaker polymer bands were 
found at 426.3 (0.06), 401.3 (0.10), 391.3 (0.06), and 382.8 
cm-1 (0.09). The intense red color of hla metal rendered the 
sample visually opaque before the experiment was terminated. 

Potassium. A band at 464.1 f 0.7 cm-1 was the only signal 
noted in K-F2 Raman trials, other than the F2 feature at 892 
cm-1. The infrared study, on the other hand, yielded seven 
bands associated with K-F species. The strongest feature of 
these spectra was a doublet at  396.6 (0.84) and 391.6 cm-1 
(0.29). Lower frequency signals included two isolated bands 
at  342.2 (0.1 1) and 328.5 cm-1 (0.05) and a triplet at 303.7 
(O.ll), 294.2 (0.19), and 280.6 cm-1 (0.26). 

Rubidium. Spectra obtained from R&F2 reaction products 
were relatively uncomplicated. The lower frequency Raman 
signal was found at 462.4 f 0.7 cm-1 and was the most 
photolytically unstable band in this series. The highest fre- 
quency infrared feature was noted at 332.2 cm-1 (0.39), while 
other signals included a doublet at 266.1 (0.12) and 254.4 cm-J 
(0.08) and a quartet at 236.8 (0.20), 233.2 (0.15), 231.6 (0.16), 
and 228.8 cm-1 (0.13). 

Cesium. The vibrational spectra of Cs-F species showed 
a band at  458.8 f 0.5 cm-1 in the Raman scan illustrated in 
Figure 1, while three new features appeared in the infrared 
spectrum shown in Figure 2 at 312.2 (0.54), 248.3 (0.09), and 
214.5 cm-1 (0.13). 
Discussion 

The Raman frequency of molecular F2 is in nearly exact 
agreement with the gas-phase value14 but is shifted 3 cm-1 from 

i I Na 

, -  
600 400 zoo 

FREQUENCY SHIFT ( c m - ' )  

Figure 3. Raman spectra of matrix F, and Ci, reactions with Na 
atoms. Parameters: Ar:F, = 50:1,5-A dielectric and neutral 
density filters, 45 mw of 4880-8 excitation, 0.1 X l o w 9  A range, 
rise time 3 sec; Ar:F, :C1, = 400:3:1,5-8 dielectric filter, 250 mW 
of 5145-8 excitation, 0.1 X 
100:1,5-A dielectric filter, 0.3 X A range, 150 mW of 4880-8 
excitation, 3 sec rise time. All scan speeds were 20 cm-'/min. 

Table 11. Vibrational Assignments to the Symmetric Modes of the 
MtF,- Species which Is Assumed to Have Triangular Geometry 

Species u t ,  cm-I cm-' Species v l ,  cm-' v, ,  cm-I 

6LitF,- 452 708 K'F,- 464 342 
'Li +F,- 45 2 Rb'F,- 462 (266)= 
Na+F,- 475 454 CstF,- 459 (248)a 

a Observed bands; however (MF), assignments cannot be ruled 

the fundamental crystal vibration which appeared at 895 
cm-1.15 This is indicative of the low degree of aggregate 
formation (Le., intermolecular fluorine bonding) which occurs 
during sample condensation, in contrast to the extensive 
clustering noticed with heavier halogens.16 

The Raman bands observed near 460 cm-1 following alkali 
metal atom-molecular fluorine reactions have been attributed 
to the intraionic (F-F)- vibration in the M+F2- species.l7 The 
Raman study of C12 as a pseudoisotope of F2 represented in 
Figure 3 confirms that the 475-cm-1 Na+F2- band arises from 
a two-halogen-atom species. NafC12- produced an analogous 
signal at 225 cm-1 and the mixed F2-Cl2 run yielded only the 
same two signals without intermediate components, which 
indicates that these bands originate from diatomic, rather than 
triatomic, halogen species. Table I1 contrasts the vibrational 
assignments for five M+F2- species. 

Interpretation of the infrared spectra of alkali metal fluoride 
species was made in comparison with earlier works dealing with 
matrix-trapped lithium, sodium, and potassium fluorides 
produced by Knudsen cell effusion of the salt.lZ.19 Similar 
studies with RbF and CsF have, as yet, not been done, and 
assignments of spectral bands from Rb- and Cs-F work are 
less certain. Comparison of the several reaction product spectra 
to the blank (no metal) F2 scans eliminated mislabeling of 
impurity signals. 

Table 111 contrasts gas-phase and matrix-isolated alkali 
metal fluoride vibrational frequencies. Signal positions were 

A range, 10 sec rise time; Ar:CI, = 

_I 

V l ,  

out. 



Matxix~-isolated freq , an-' 

dsen cell fluorine 
eftksion reaction; 

866e 8 8 6 ~ 6 g  
8" 8e 836.5 
#@5.5; 492.6 
OCjYE 396.6 

332.2 
3 12.2 

~ ___--._I___ 

Alkali metal- 

.lr_ ___l.l_l__.-_ l__l 

t tV, C<>idy, F'itys. Rw., 177, 5 2  (1969). la Ref- 
c w e  value from ref 19. Refer- 

e m  ?kys., 38, 658 (1963). f Ref- 

0.8?6 (CsF), as usually noted 
change arises from exiensivs; 
ns. The lighter fluorides (Li, 

y coxiparison to spectra from the salt 
ef'rxion studies18,I9 whik  the frcquencks for HbF and CsF 
were determiried by contrasting gas-phase data"o--22 and  he 
expected matrix shiCt. 

alkali rrretal :Itioridcs, arid infrared signal assignments have 
been made.18319 Comparison with  he results attained here 
showed tha~t dimer formarion was favored over aggregatioi?, 
e i ~ i  at veyy high metal concentrations relative to F2. Further, 
it appeared frsix a cornparison of band intensities that th:  
cyclic dimer was slightly prelerred over the linear form. A 
f e \ ~  of the wea,ker bards present in the Knudsen cell-salt 
effusion rxperimexits with LiF arid KF exhibited signal merging 
in ibis study9 and only one signal was found at the approximate 
mean o f  the pre~i~:isly recorded frequencies. With the ex- 
ception of the coalesced signals, frequency agreement with the 
earlier studies was excellent, with deviations usually less than 
2 cm-' .  

'The first step ir i  ihe :iss@irneiit of a band to v2, the interionic 
mode of the presumibly isosccles triangular MF2 molecule, 

of the position of the highest frequency 
?cy. This .Jibration, a B3u mode in the 

Du,-symmetry spccies, is represented by A, while B illustrates 
v2 of the triangv.lai- intermediate and C shows a simple mo- 

Dirncr. and higher po:yme: :wrmation has been noted wlih 

ii B C 

riomer vibration. The progression and vibrational similarity 
of these three rnodcs was striking and immediately suggested 
that the frequency of  B would be intermediate to those of A 
and C but lil<ely closer to the dimer band. 

A fiirther consideration was the possible interionic vibra- 
tional similarities between M+FT and M+Q2-. Since U I  and 
uz of  these specics are both ai modes, there will be mode 
mixing, and the position of the Raman-active intraionic stretch 
will be influenced by the frequency of u2, the interionic vi- 
bration. It i s  probable that the interionic frequencies of MW2- 
and M+F2- are similar: these signals appear at 699, 391, 307, 
2§51 and 236 cm-1 for the Li+, Na+, IC+, Rb+, and Cs+ 
superoxides, respectively. 1323-25 This approach predicted a 
frequency crossover of the interionic and intraionic modes 
between Li and Na, and since interactions of  this type force 
vilsretional frequencies apart, this model predicted that the 
lowest V I  value for F/i'-F2- would be obtained with the Li cation 
and the highest with I.aa+, as was observed. Values for the 

Wil;jrcni F'. C;cPward, .Ir.? and lxster iarrdrews 

intraionic fi equericies with the heavier cations were cxpectcd 
to decrease regularly, and this was also found. 

Analyses of [he infrared spectra in light of the above RI 

glarneiits 'led to the v2 assignaicnts o f  61,i+F~-~ ha+F:-, aiid 
K+Fr a t  708.4, 1153.6, ami 3 . - I ?  respeceivdy. I f  ihs: 
assumption i s  made that ~ l n  5 a.ur:rmed 2, dial.oinic 
character (i.e.9 tbs metal vibr i ~ s t  i? 38-amu atom), 2. 

§inlplC i K 9 t O p k  fkXqtXi:Cj' ca:CUiatiO:: SllggtXtCd !J% O f  
'7ki"Fz- ivouid absorb a t  66:?.J <:rii-l, but this region was 
obscured by :he strun 
the metal upon heat 
L i - 1 0 2 -  deviate6 by 
The appearance of 
infrared trial, ir: agreement wiih tbc Raman  measurement" 
was atiribinted to interaction becwc@n the symmetric interionic 
arid irrtralonic ,vi bratiom, where thi: i:~tensity of ~ h c  wcaker 
V I  infra.red sigriai was enhanceded by ihc ywxiinity of 1 he strongcr 

the i i i  Raman signal wizs ohserved 

and CSF salt effusion ha.ve been1 
nt of \hc lower dka.li rneta'i fluoride 
zctra wss curtailed. However, IC 

view of the v2 M"F2- positions jxhtive i~ ilra: dimer bands of 
ides, tile highest frequeocy bands beneath 
ons \ v e x  tentatively attri.bu.ir,d to 8 2  ~f 
and Cs i F2- (2118.3 a n - l ) ,  while signals 

below these frequc-:ncies arc lilccly due lo dimexc. 
Since the electron transferred from the alka!i nicrai to the 

fluorine molecxie enters an ;intiboiidiiag CT mibitd, iiin net hond 
order i s  reduced from 'i A casual approximation of 
the F ' r  vibratiunal freq o d d  ba half t h a t  of FI, and 
it was grat.ifying to note assigned frequency falls near' 
50% of  the Fz f!.Lnd,anlental. 

Subsequent studies ~f alkali metal rei?c'iiorrs with simple 
halogens have revealed that the addition of an antibonding 
electron to the ha!ogen red-shifted the absorption curve of the 
rriolecule.26 This aitcration was quite extcnsivc and suggested 
that the absorption maximum of F2 at 7,900 ? ( ~ u l d  be in 
the near-ultraviolet region for .Fz-. At any rate, the intcnsiey 
of the F2- Raniiln band. was stronger t h a n  might be expectcd, 
and this is tentatively attributed to a preresonance erihancing 
of the Raman signal streiigth. 

~~~~~~~~~~~~ 

The intraionic and interionic modes ( V I  a,nd vz, respectively) 
of M'F2- have been identified and calibrated, and the effect 
of  mode mixing or1 the vibrational freapency of V I  has been 
discussed, In addition, cmtrasts were drawn between gas-.phase 
and matrix-isolated MF stretching frecpencies, and com- 
parisons of production between alkali merai--halogen 
reactions and Knudsen cell salt effusion were made,, which 
assisted in infrared band assignments. Finally, the red dis- 
placement of the absorption spectra of P-2- relative to Fz yielded 
the possibility of preresonance Rarfian intensity enhancement, 
and the comparative vibrational frequencies of the F% and Fz 
species corresponded to a rough molecular orbital prediction. 
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The reduction of the permanganate ion by oxovanadium(1V) in perchloric acid solutions was determined using stopped-flow 
spectrophotometric techniques. The rate expression -d[Mn04-]/dt = (ko + ki[H+])[Mn04-] [V02+], where ko = 72.9 
f 1.6 M-1 sec-1 and ki’ = 28.8 f 1.7 M-2 sec-1, was found to represent the reaction at  526 nm at  25.0°, [H+] = p = 
1.00. The form of the rate expression, the observation of a transient intermediate (A,,, -410 nm), and thermodynamic 
parameters AH* = 10.8 f 0.5 kcal/mol and AS* = -12.9 f 1.9 eu give indication for a mechanism in which there is complex 
formation. 

The reaction between the permanganate ion, M n O c ,  and 
the vanadium(1V) ion, VO2+, in acid media was investigated 
as part of a series of permanganate ion oxidations of inorganic 
ions in an effort to elucidate the conditions necessary for the 

a study of this reaction performed in H C 1 0 4  in which they 
found the stoichiometry to vary from 2.5 to 4.7 depending upon 
the reaction conditions.10 We report herein experiments which 
provide a somewhat different interpretation. 

occurrence of the two-electron reduction pathwa; for the 
MnO4- ion.’ The reaction between the permanganate ion, 
MnO4-, and various metal ions, Fe(phen)32+,2 Fe(CN)64-,3 
and Mo(CN)s4-,1 have been shown to occur via an outer- 
sphere, one-electron-transfer process. The reactions are 
classified as outer sphere from their observed rate laws and 
the reasonable agreement with rate constants obtained from 
the Marcus theory.4 The reaction between VO2+ and MnO4- 
is also of interest in that protons are produced in the overall 
reaction 
Mn0,- t 5V02+ + H,O -’ Mn(I1) + 5V02+ t 2H+ 

whereas in the majority of reactions involving the reduction 
of the permanganate ion, protons are consumed. It has been 
observed that when the oxidation half-cell reaction of the 
reductant is less than +OS6 V, the value for the Mn04-- 

couple, the reaction proceeds without the aid of a 
proton. However, when the oxidation half-cell reaction is more 
negative than -0.56 V, the reaction proceeds with a direct 
proton dependence.5 

A two-electron-transfer step accompanied by the formation 
of a transient intermediate has been observed for several 
Mn04--organic system@ with the reduced manganese species 
characterized as Mn(V). This pathway was shown to be 
operative in the reaction of the bromide ion, Br-, with MnOd-. 

Kriss and Yatsimirskii reported experiments performed in 
sulfuric acid involving the V02+-Mn04- reaction in which they 
observed an induction period in the disappearance of the 
permanganate ion and postulated the presence of Mn(II1) as 
a stable reaction product.9 Rosseinsky and Nicol also reported 

Experimental Section 
A stock solution of potassium permanganate was prepared by 

dissolving Baker Analyzed reagent grade KMn04 in distilled water, 
boiling the solution, and standardizing against As203 after a fine glass 
frit filtration to remove MnO2. The solution was stored in a dark 
bottle away from light and restandardized periodically. Perchloric 
acid solutions were prepared by dilution of concentrated HC104 with 
permanganate-distilled, ion-exchanged water and were standardized 
against NaOH solutions. Stock solutions of NaC104 were prepared 
by the addition of recrystallized reagent grade Na2C03 to HC104 
solutions of known concentration. The remaining hydrogen ion 
concentration was determined by titration against NaOH. Vana- 
dium(1V) perchlorate stock solutions were prepared by two methods: 
(1) by the addition of a stoichiometric amount of Ba(C104)2 to a 
solution of VOS04 dissolved in 0.1 M HC104; Bas04  was removed 
by centrifugation; (2) by the electrolytic reduction of a slurry of v205 
at platinum electrodes in 0.1 M HC104. Both solutions gave similar 
kinetic results. Total vanadium content was determined spectro- 
photometrically as the VV-H~OZ complex11 and [V(IV)] was de- 
termined spectrophotometrically at its maximum absorbance (A,,, 
760 nm, t 17.1 M-1 cm-1).12 

Kinetic Studies. The kinetics of the reaction were determined using 
an Aminco-Morrow stopped-flow apparatus attached to a Beckman 
DU monochromator. The progress of the reaction was observed at 
526 nm, where Mn04- is the only absorbing species, and at 410 nm. 
The output from the photomultiplier was monitored by a Tektronic 
Model 564 storage-type oscilloscope and the stored trace recorded 
with a Polaroid camera. Apparent pseudo-first-order ([V02+]0 >, 
25 [Mn04-]o) and second-order rate constants were calculated from 
absorbance-time data using both a linear least-squares program and 
graphical techniques. 

Ionic strength was maintained at 1 .OO M in most experiments by 


