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The efficacy of m-nitrobenzyl alcohol (NBA) as a solvent (matrix) for fast atom bombard-
ment (FAB) mass spectrometry of a group of pyrazolate-bridged dirhodium A-frame
complexes has been assessed. Although NBA is frequently used to mitigate the formation
of artifacts in FAB/MS of organometallics and other materials susceptible to bombardment-
induced reactions, substantial evidence indicates that such reactions cause the formation of
artifacts in the spectra obtained here. Parallel absorption spectroscopic studies have estab-
lished that NBA is capable of inducing both oxidation and reduction reactlons independent
of ion bombardment, depending on analyte reduction half-wave potential (E ). From the
known electrochemlstry of the complexes studied, it can be estimated that 10f mV >E; ),

> 500 mV for the reaction of NBA serving as a reducmg agent, while 500 mV > E, , > 4
mV for the reduction potential of NBA. However, in the presence of bombardment the
former E, ;, must be at least as low as 356 mV, and the latter E,, must be at least as high as
1188 mV. The kinetics of redox reactions involving NBA, and therefore their influence on
the appearance of FAB mass spectra, will be highly sample-dependent. However, this
study illustrates an important potential role for redox reactions when NBA is used as a
solvent, especially in the presence of bombardment in FAB/MS. Although analyte reaction
products could be identified, substantial efforts aimed at identifying NBA oxidation and
reduction products did not yield any definitive results due to the complexity of product

mixtures. (] Am Soc Mass Spectrom 1992, 3, 113-121)
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l effect on the appearance of fast atom bombard-
ment (FAB) [15] mass spectra. Important matrix
properties that can affect spectral quality and appear-
ance include viscosity [16-18], dielectric constant
(which affects ion pairing [19-32]), solvation [33, 34],
and redox chemistry {10, 35-41].

For FAB mass spectrometry of inorganic and
organometallic complexes, m-nitrobenzyl alcohol
(NBA) often provides better overall sensitivity than
the more commonly used glycerol matrix [10-12].
NBA can also reduce spectral complications that arise
from bombardment-induced reactions [2, 39]. This
latter benefit probably derives at least in part from the
electrochemical properties of NBA. This electrochem-
istry, like that of most organic solvents, is highly
irreversible, and often involves multiple electron
transfer and/or rearrangement reactions [42]. Thus,
although knowledge of this matrix chemistry could
clarify our understanding of the FAB jonization pro-
cess, monitoring it with normal electrochemical probes

*Current address: Ciba-Geigy Corp., Greensboro, NC 27419-8300.
+Current Address: Bechtel Corp., Oak Ridge, TN 37831.

Address reprint requests to Kelsey D. Cook, Department of Chem-
istry, University of Tennessee, Knoxville, TN 37996-1600.

© 1992 American Society for Mass Spectrometry
1044-0305/92/85.00

is very difficuit, if not impossibie. This study seeks to
investigate the intrinsic and bombardment-induced
redox behavior of NBA in FAB/MS by a bracketing
approach [9] for a series of pyrazolate-bridged di-
rhodium A-frame complexes, M(PF;),, where n =1
or 2, and M is the cation represented by Structure 1
[43, 44]. The complexes contain an apex pyrazolate
anion (Z), and various transoid bridging (EE) and
terminal (L) ligands (Table 1 and Structure I). One of
the central Rh atoms may be in either the 1 + or 2 +
nominal oxidation state, Rh(I) and Rh(Il), respec-
tively, while the other is always nominally Rh(]). In
both cases, the two metals have been shown to be
crystallographically equivalent [43]. Taken together,
these features provide a wide range of redox poten-
tials suitable for “‘bracketing”’ the redox potential of
NBA, as was earlier demonstrated for the FAB matrix
glycerol using bipyridyl complexes [9].

Experimental

FAB mass spectra were obtained with a ZAB-EQ mass
spectrometer (VG Instruments, Manchester, UK) op-
erating at an accelerating potential of 8 kV with a
mass resolution of at least 2000 (10% valley). Research
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grade xenon (MG Industries, North Branch, NJ) was
used with an lon Tech (Middlesex, UK) ion gun,
operating at an emission current of 1.0 mA and a
potential of 8.0 kV. A thin film (5-10 uL) of a stan-
dard 10 mM solution of a complex was applied to a
brass FAB probe tip [2]. Solutions were not degassed
before analysis, but spectra were obtained only after
emission had stabilized (typically after 1 min of bom-
bardment). Spectra were then collected by summing
data from 9 or 16 magnet scans over a period of 1-3
min. The reported results represent averages (normal-
ized to 100%) of at least three such spectra (27 or 48
total scans), each obtained with a fresh sample. For all
mass spectral data, the reported uncertainties repre-
sent the standard deviation of the mean (s/N?) of
N (at least three) replicates. Variance in the reported
intensity of the base peak reflects the scan-to-scan
variation in absolute intensities.

Electron ionization (EI) and methane chemical ion-
ization (CI) mass spectra were obtained with a VG
Instruments 70-SEQ mass spectrometer operating at
an acceleration potential of 8 kV, at a source tempera-
ture of 200 °C, and with a mass resolution of at least
1000 (10% valley definition). For CI/MS, the source

Table 1. Pyrazolato-bridged dirhodium complexes of the
general formula [Rh,(X, Y)Z(EE'),L,](PF,),"

Complex X,Y) EE'P Le n
1 0 PP RNC 1
2 {Ln PP co 1
3 0 PA RNC 1
4 ()] PA CcO 1
5 n AA RNC 1
) Ly AA co 1
7 (1,1 PP RNC 2
8 i, m PP co 2
3 (1 PA RNC 2

10 [(A1]] PA co 2
11 i, AA RNC 2

®{X.Y) refers to the nominal oxidation state of the central metal
atoms; Z = 4-bromo-3, 5-dimethyipyrazolate anion.

b PP, bis(diphenylphosphinolmethane; PA, (diphenylphos-
phino)diphenylarsino)mathane; AA, bis{diphenylarsinolmethane.

®RNC, tert-butyl isocyanide; CO, carbon monoxide.
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ion gauge pressure was ~ 1x 107* torr. A Hewlett-
Packard (Palo Alto, CA) model 5890 gas chromato-
graph (GC) with a 15 m x 0.25 mm x 0.25 pm (flm
thickness) DB-Wax column (J & W Scientific, Rancho
Cordova, CA) was interfaced to the mass spectrome-
ter and was operated at a He carrier gas flow rate of
~ 1 mL/min with a column head pressure of 7 psi.
The GC temperature program started at 110 °C for 0.5
min, increased by 15 °C/min to 220 °C, then re-
mained at 220 °C for 10 min. The GC was operated in
a split injection mode with a split ratio of ~ 10:1. 1
L injections of the following acetone solutions were
employed: (1) 1.5 mM complex; (2) 0.15 M NBA; and
(3) 1.5 mM complex and 0.15 M NBA. The last solu-
tion was prepared by mixing the complex and NBA,
then allowing any reaction to proceed for at least 30
min prior to dilution with acetone. Most EI/CI GC/MS
solutions also contained 1.7 mM methyl stearate as an
internal standard.

Ultraviolet-visible (UV-Vis) absorption spectra were
obtained by using a Hewlett-Packard model 8452 diode
array spectrophotometer. Spectra of standard 0.3-3.4
mM (depending upon solubility) solutions of the com-
plexes in methylene chloride (MeCl,) or NBA were
obtained with the corresponding pure solvent as ref-
erence. Solutions were generally run without de-
gassing, except where noted. The cell path length was
0.1 cm.

Fourier transform infrared (FTIR) spectra were ob-
tained with a Digilab (Cambridge, MA) FTS-7 FTIR
spectrophotometer. A 2 M solution of a complex in
NBA was allowed to react for at least 30 min, with
occasional stirring. This solution was then added to 1
mL of MeCl,, which had been degassed by bubbling
with N, for at least 10 min. A portion of the MeCl,
solution (= 100 pL) was applied to a NaCl window
while concurrently evaporating the solvent with an Ar
gas stream until the window was covered with ana-
lyte. The NaCl window was transferred into a N,
atmosphere inside the FTIR chamber. Neat NBA and
complex reference spectra were also obtained using a
MeCl, intermediate solvent as indicated above.

The dirhodium complexes were synthesized, iso-
lated, and purified by methods described elsewhere
[43, 44]. All other chemicals were reagent grade and
were used as received, except as noted.

Results and Discussion

Complexes 1 and 7 comprise a typical redox conju-
gate pair nominally differing only in the formal oxida-
tion state of one of the Rh atoms (and a correspond-
ing number of PF;  counterions; Table 1), which will
be designated as Rh(I, ) and Ri(l, II) complexes, re-
spectively. FAB spectra (Figure 1) for both members of
this pair were dominated by the singly charged
molecular cation (M*), which would be expected for
the Rh(l, 1) complex but not the Rh(, II) complex. In
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Figure 1. FAB mass spectra of a 10 mM solution of (a) 1 and (b) 7 in NBA. t-Bu represents a tertiary butyl group.
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fact, M* was the base peak in the FAB spectrum for
each of the eleven complexes (Table 2), regardless of
the nominal oxidation state of the Rh atoms. The observed
isotope patterns for these ions (M™; see insets to
Figure 1) match theoretical patterns well. Other ions
detected in the spectra of most complexes include two
Rh(L, 1) jons (M?*, with charge confirmed by isotope
satellites separated by 0.5 u; and MPE'), plus numer-
ous fragments similar to those observed in Figure 1.
Although the abundance of all fragment ions was
low, these jons can provide some insight into struc-
tural effects on complex lability. Details of these frag-
mentation reactions can only be discerned by compar-
ing FAB/MS and collision-induced dissociation (CID)
tandem mass spectrometry (MS/MS) spectra of these
and other complexes. These studies are beyond the
scope of the present discussion and will be described
completely in a subsequent publication.

Observation of Rh(l, I) ions in the FAB mass spec-
tra of 7-11 and of Rh(I,II) ions in the FAB mass
spectra of 1-6 provides evidence of either an electro-
chemical transformation or sample contamination. For
all but 6, the latter possibility can be ruled out on the
basis of UV-Vis spectra. All 11 of these complexes are
known to be reasonably stable in MeCl, solutions
[43]. UV-Vis data for redox conjugate pairs (e.g., 1
and 7, 2 and 8, etc.) in MeCl, solutions illustrate that
each Rh(l, I) complex has a significantly longer .,
value (~490 nm) than the corresponding Rh(I, II)
complex (~ 430 nm; Table 3). A, values for the 11
complexes in MeCl, solutions (Table 3) compare well
with those reported by Woods et al. [43), confirming
that the samples are not substantially contaminated
by their redox conjugates. The Rh(I, II) analogue of 6
can be formed by bulk electrolysis, but it cannot be
isolated from solution (possibly due to its high reduc-
tion potential; see below). Cyclic voltammetry showed
that, like the other complexes, 6 was also reasonably
pure [43].

Table 2. Relative intensities of selected ions detected
in the FAB mass spectra of complexes 1-11*

Detected ion

Complex MPF & M+ M2+
1 21+02 100.0 + 5.8 —
2 7.9+ 03 1000+ 71 —
3 29102 100.0 £ 5.4 —
4 6.2+ 0.3 100.0 + 6.2 —
5 50+ 0.3 100.0 + 3.9 -
6 6.2+ 0.5 100.0 + 4.7 -
7 6.3+ 04 100.0 + 4.9 3.7+£0.2
8 - 100.0 + 8.5 -
9 59+ 0.4 100.0 + 9.2 3.3+0.3
10 - 100.0 + 5.2 -
11 14211 100.0 £ 6.0 71+ 05

®Intensity is ralative to the most abundant ion in the spectrum
and refers to the most abundant ion in each isotope cluster.
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Table3. \,,, values for solutions of complexes
1-11in MeCl, and NBA

Redox Amax Amax
Complex conjugate in MeCl, {(nm)  in NBA (nm)

7 7 508 430,514
2 8 488 494

3 9 502 436, 504
4 10 484 486
5 11 495 497
6 —° 473 473
7 17 427 430
8 2 428 494
9 3 433 436
70 4 432 486
71 5 436 438

"Redox conjugate complex is not available (see text).

In the absence of contamination, the conjugate ions
detected in the FAB mass spectra must arise from
redox chemistry. Barring disproportionation (which
should be energetically unfavorable), reactions involv-
ing the complexes could proceed with solvent as rep-
resented below:

Compound Reduction

M%* 4+ e = M* m
NBA — NBA(ox) + ne™ 2]
Compound Oxidation

M*—>M?**+ e (3]
NBA + ne™— NBA(red) 14]

Here, NBA (ox) and NBA (red) refer to undetermined
solvent oxidation and reduction products, respec-
tively (see below), and M2 and M* refer to the
molecular cations associated with the Rh(l, II) and
Rh(l, I) complexes, respectively.

To assess the redox properties of NBA and its
usefulness as a FAB matrix, it is of interest to deter-
mine whether these reactions occur spontaneously or
are bombardment-induced for the various analytes.
To test for spontaneous reaction, UV-Vis spectra were
obtained for solutions that contained each of the 11
complexes and NBA (Table 3). For seven of these
complexes, A of NBA solutions resembled those
for MeCl, solutions (for example, see spectra for 2 in
Figure 2a). For two exceptional Rh(l, Il) complexes, 8
and 10, spectra of NBA solutions closely matched
those of the corresponding redox conjugate (2 and 4,
respectively; compare the UV-Vis spectra of NBA so-
lutions of 2 and 8 in Figure 2 a and b, respectively),
Since there was no appreciable solvatochromism af-
fecting the seven “‘stable’’ complexes, it is reasonable
to assert that the reaction of 8 and 10 with NBA to
yield 2 and 4, respectively, proceeds spontaneously
in NBA via Reactions 1 and 2 above. These sponta-
neous reactions appear to proceed instantaneously, as
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Figure 2, UV-Visspectra of (a) 0.6 mM 2 in methylene chloride
(---) and 1.7 mM 2 in NBA (—); and (b) 0.6 mM 8 in methylene
chloride (---) and 1.1 mM 8 in NBA ().

UV-Vis measurements were made very soon after
sample preparation. Similar spontaneous reduction
has been reported for various complexes in glycerol
[9], but we are unaware of a corresponding report of
spontaneous analyte reduction by NBA. This observa-
tion may not be surprising in light of the high reduc-
tion half-wave potentials (E; ;) of 8 and 10 (Table 4).
Among the complexes studied, only the unstable re-
dox conjugate of 6 [6(ox)] has a higher Eip. Al-
though quantitative compatison of E;, values can be
complicated by solvent effects, review of the data of
Tables 3 and 4 suggests a rough range of 1020 mV >
E1 o, NBA(x) > 500 mV for the reverse of Reaction 2.

The other two complexes for which UV-Vis A,
values show solvent dependence are Rh(I,I) com-
plexes (1 and 3; Table 3), which correspond to the
most easily oxidized complexes (Table 4). The UV-Vis
spectra of I and 3 indeed appear to reflect at least
partial spontaneous oxidation by NBA (e.g., compare
the UV-Vis spectra of NBA solutions of 1 and 7 in
Figure 3, a and b, respectively.) By reasoning analo-
gous to that above, E,, \ps for reaction 4 can be
bracketed within the rather narrow limits of 500 mV
> Eqp npa > 424 mV (Table 4).
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The possibility of air-induced oxidation due to
residual O, in the NBA solvent was tested by bub-
bling the solvent with N, for at least 10 min to
remove O, prior to adding the analyte. UV-Vis spec-
tra of degassed and undegassed NBA solutions of all
11 samples were identical.

It is important to note that while UV-Vis spectra
provide strong evidence of spontaneous reduction of
8 and 10 (and spontaneous oxidation of 1and 3), the
corresponding FAB/MS spectra (Table 2) suggest that
reactions other than simple analyte redox reactions
may have occurred. For example, under bombard-
ment conditions the product of reducing 10 in NBA is
not identical to 4 in NBA; MPF;" is detected only in
the spectrum of the latter compound. Differences are
also evident in the CID M5/MS spectra of the corre-
sponding M* ions [45]. These differences are most
likely attributable to structural (isomeric) and/or ener-
getic differences between ‘‘native” and matrix-re-
duced or -oxidized materials. Further studies to assess
this chemistry more thoroughly are on-going.

In addition to the intrinsic redox chemistry of NBA
reflected in Table 4, there is evidence of bombard-
ment-induced redox changes. While only the com-
plexes of highest E;;, (8 and 10) were reduced
spontaneously, the other three Rh(I, I) complexes expe-
rienced bombardment-induced reduction (Table 2),
including even that with the lowest E,(7). This
suggests that under bombardment conditions, the ‘ef-
fective matrix E;," for the reverse of Reaction 2
(possibly reflecting the reactivity of free electrons re-
leased upon bombardment [4, 7]) must be at least as
low as 356 mV. There is also evidence for bombard-
ment-induced oxidation, a much more uncommon phe-
nomenon [40]. Detection of Rh(I, II) ions (MPF;") for
all six of the Rh(I, I) complexes (Table 2) suggests that
the “effective matrix E;p" for Reaction 4 under bom-
bardment conditions is at least as high as 1188 mV.

Finally, attempts were made to identify the NBA
redox products [NBA(ox) and NBA(red); see reactions
2 and 4, respectively]. Preliminary EI and CI GC/MS
analyses of a solution containing NBA in acetone
revealed four ““impurities” (Table 5), which remained
even after recrystallization of NBA from an ether/
hexane solution. Reasonable candidates for NBA(ox)
(m-nitrobenzaldehyde) and NBA(red) (m-aminoben-
zyl alcohol) were included among these impurities.
All impurities were confirmed by library search and /or
by retention time matching with a 1.5 mM solution of
the respective standard material in acetone.

Methyl stearate was used as an internal standard to
test for changes in relative abundances (i) of the
impurity components upon reaction of NBA with one
of the reactive complexes (1, 3, 8, and 10):

i=ip, /i
where i, and /g represent the peak areas from recon-

structed EI or CI GC/MS ion chromatograms for an
ion (Tables 5 and 6) representative of the species of
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Table 4. Redox half-reactions for complexes 1-11 and NBA

Reaction® Potential (mV)° Comment
6lox) +e 6 1188 Bombardment-induced oxidation
is observed for 6
10+e 4 1126 Matrix-induced reduction is
observed for 10; bombardment-
induced oxidation is observed for 4
8+e =2 1020 Matrix-induced reduction is

NBA({ox} + ne "= NBA
11+e 5 500

NBA + ne ™~ NBA(red)
94e =3 424

T+e =1 356

observed for §; bombardment-
induced oxidation is observed for 2

1020 > £, , > 500

Bombardment-induced reduction
is observed for 77;
bombardment-induced oxidation
is observed for 5

500 > £,,, > 424

Matrix-induced oxidation is
observed for 3; bombardment-
induced reduction is observed for 9
Matrix-induced oxidation is
observed for 7; bombardment-
induced reduction is observed for 7

?See text and Tabla 1 for definitions.
"Data for complexes from ref 43,

interest (impurity or NBA) and of the methyl stearate
standard, respectively. The i for NBA decreased when
a reactive complex was mixed with NBA (relative to i
for neat NBA; Table 6), indicating that a reaction
between the complex and NBA had occurred. Fur-
thermore, i for m-nitrobenzaldehyde [potentially
NBA(ox)] increased as expected when an oxidizing
complex (8 or 10) was mixed with NBA, as perhaps
did ¢ for m-aminobenzyl alcoho! ([potentially
NBA(red)] when a reducing complex (1 or 3) was
present with NBA. Unexpected and currently unex-
plained was the observed increase in i for m-nitro-
benzaldehyde upon addition of a reducing complex (1
or 3) to NBA. The possibility that this increase results
from thermally induced oxidation of NBA inside the
hot (250 °C) GC injection port was tested by analyz-
ing a NBA solution that contained a nonreactive com-
plex (7). In this case, no significant change in i (com-
pared with a solution that contained neat NBA) was

detactad for anv of the four
GEWER Or any C: e oW

Thus, it appears that the reducing complexes (1 and
3) have an active role in the oxidation of NBA. No
significant changes in i for the other two impurities
listed in Table 5 were detected for any of the com-
plexes (1, 3, 7, 8, or 10) tested (Table 6).

Cl GC/MS analyses revealed three reaction prod-
ucts that were only detected when NBA and a reac-
tive complex (1, 3, 8, or 10) were both present in
solution. One of these products (unknown X; Figure
4a) was observed when any one of the four reactive
complexes was mixed with NBA. Unknown Y (Figure

monitored

impuritiog”’
IMPpUrnies

4b) was observed only when one of the oxidizing
complexes was mixed with NBA; similarly, one of the
reducing complexes had to be present for observation
of Z (Figure 4c). EI GC/MS spectra of all three ““un-
known'’ ‘reaction products were very weak and con-
tained only ions of low mass-to-charge ratio. Efforts to
discern ion structures of these reaction products based
upon the available mass spectral data (including high
resolution analyses) were not successful. Further at-
tempts to ascertain the identity of these reaction prod-
ucts by comparing FTIR spectra of NBA solutions
with reactive (1, 3, or 8) and corresponding unreac-
tive (7, 9, or 2) complexes were also inconclusive.
The only differences evident upon spectral subtrac-
tion were small shifts in A\, of the terminal ligands
(carbon monoxide and tert-butyl isocyanide), which
are sensitive to the metal oxidation state [43]. Evi-
dently, the large molecular weight disparity between
complex and solvent, the limited complex so]ubility

and availahility  and the hich complex absorpt

availability, and the high complex absorpt
preclude generation of solvent redox products in con-
centrations high enough for unambiguous identifica-
tion by these methods.

Conclusions

Matrix- and bombardment-induced reductions in
FAB/MS are becoming well-recognized reactions,
which often can be mitigated by using NBA as the
matrix. For the family of complexes studied here, we
find that mitigation of the formation of reductive
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Table5. Impurities found in the El and CI GC/MS
analyses of NBA

Retention Relatiive

time intensity ®
Camponent (min} (m/z)
m-Nitrobenzaldehyde 6.7 0.080
{151)
Methyl stearate® 7.3 0.073
(298)
m-Aminobenzaldehyde 7.8 0.003
{121}
o-Nitrobenzyi alcohol 8.7 0.010
(135)
m-Aminobenzyl alcohol 9.2 0.019
(123)
m-Nitrobenzyl alcohol 10.9 1.000
(153)

“Based upon pesk areas from reconstructed El GC/MS ion chro-
matograms for the mass-to-charge ratio ind
Added as an internal standard.

artifacts is somewhat limited. In fact, we find that
NBA (like glycerol) is capable of inducing analyte
reduction, with and without bombardment. Further-
more, evidence also supports the formation of sponta-
neous oxidative artifacts in NBA, which have not been
prominently noted previously. Although these obser-
vations should not be surprising, they do reempha-
size the prevasive importance of matrix chemistry in
FAB/MS.

Acknowledgments

This work was supported in part by a grant from the National
Science Foundation (grant CHE-8822787). The Chemistry Mass

Table 6. Relative abundances (i)* of selected components in various solutions

Solutions
Component NBA 7 4+ NBA 3 + NBA 7 + NBA 8 + NBA 10 + NBA
m-Nitrobenzaldehyde 1.1 0.1 1.5+ 0.1 2.0+ 0.1 1.2+ 0.1 1.8+ 0.1 2.2+ 0.1
m-Amino-benzaldehyde 0.041 0.038 0.040 0.039 0.040 0.042
+0.003 +0.002 +0.003 +0.003 +0.002 +0.003
o-Nitrobenzyl alcohol 0.14 £ 0.01 0.13 + 0.01 0.12 £ 0.01 0.14 £+ 0.01 0.12 + 0.01 0.13 + 0.01
m-Aminobenzyl alcohol 0.26 + 0.01  0.29+0.01 0.27 + 0.01 0.25 + 0.01 0.25+0.01 0.26 z 0.01
m-Nitrobenzy| alcohol 13.7+ 04 9.4+ 0.1 12.0 £ 0.2 13.2+£ 0.3 9.2+0.3 10.0 + 0.3
Unknown X® - 0.014 0.018 —c 0.085 0.092
+0.001 +0.001 +0.004 +0.006
Unknown Y4 —c —* —* - 0.0030 0.0040
+0.0003 +0.0002
Unknown Z° —¢ 0.0020 0.0030 —€ —~° —°
+0.0002 +0.0002

? See text for definitions. / data based upon peak areas from reconstructed El GC/MS ion chromatograms for the mass to charge ratio

indicated in Table 5 uniess otherwise notad.

i is based upon Cl data with / and /g for m/z 194 and 299, respectively.

°Not detected.

9} is based upon CI data with iy and ig for m/z 178 and 299, respectively.
*i is based upen Cl data with iy and /g for m/z 198 and 299, respectively.
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