2534

J. Am. Chem. S0d.997,119, 2534-2540

Effects of Matrix Structure/Acidity on lon Formation in

Matrix-Assisted Laser

Desorption lonization Mass Spectrometry

Mary Gimon-Kinsel, T Lisa M. Preston-Schaffter} Gary R. Kinsel,® and

David H. Russell*

Contribution from the The Laboratory for Biological Mass Spectrometry,
Department of Chemistry, Texas A&M Uarsity, College Station, Texas 77843-3325

Receied January 25, 1996

Abstract: The involvement of ground and excited state proton transfer reactions in matrix-assisted laser desorption
ionization (MALDI) of bradykinin and bovine insulin is examined using a serigs-sdibstituted aniline compounds

as matrices. Semiempirical calculations of ground and excited state aciditym6titestituted aniline and anilinium

ions are presented. A linear correlation between log (analyte- [ ] " ion yield) and matrix acidity is obtained.

The behavior of the sevgmsubstituted anilines is discussed in terms of the relationship between matrix compound
structure, reactivity, and ability to act as a MALDI matrix.

Introduction

Matrix-assisted laser desorption ionization (MALDI) mass

spectrometry has rapidly developed as an important technique

for the analysis of peptides and proteirfs With the introduc-
tion of new matricesand a better understanding of the role of
sample preparatiore(g, the role of sample morpholotjyand
solvent effectd), substantial progress has also been made in
the use of MALDI for the analysis of other important classes
of biological molecule$:® Although general criteria for
selecting good MALDI matrices have been presettexhd
energy deposition and desorption dynamics have been exten
sively studied! a detailed mechanism(s) for MALDI analyte
ion formation has not been formulated.

Ehring et al*2 proposed that MALDI analyte ion formation
is initiated by the formation of a matrix radical cation MH
(positive ion mode) which then reacts with the matrix and/or

* Author to whom correspondence should be addressed.

the analyte by proton transfer. The proposed radical cation
mechanism is based on the observed ionization behavior of a
large variety of substituted aromatic compounds following laser
desorption and ionization at 337 or 266 nm. Those substituted
aromatic molecules that worked best as MALDI matrices form
both radical matrix MH* and protonated matrix [MH- H]*
ions. If the matrix MH™ ion initiates analyte ionization, then
the compounds that act as MALDI matrices at 337 nm should
work better at 266 nm where the two-photon energy (9.32 eV)
is more than sufficient to photoionize most substituted aromatic
compounds. However, 266 nm excitation of indole-2-carboxylic

acid decreases the effectiveness of this compound as a MALDI
matrix relative to that observed at 337 nm. The authors decided
that the ionic species ultimately responsible for the ionization
of the analyte must be the matrix [Mi#t H]* ion and not the
matrix MH**.

In an earlier papel we rationalized the utility of several
substituted phenok(g, 3,5-dimethoxy-4-hydroxycinnamic acid
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electronically excited staté§. That is, absorption of a photon

by the matrix produces a strongly acidic species that can transfer
a proton to the analyte yielding the observed protonated analyte
[A + H]T ion. On the basis of our hypothesis that excited states
are involved in the ionization mechanism of MALDI, we showed
that the reactivity of a matrix compound could be influenced
by heavy atom substitutiotf. Heavy atom substituents such
as Cl, Br, and | increase the probability for intersystem crossing
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from the excited singlet to the triplet state and thus extend the Table 1. Solution Phase Absorption SpectrapBubstituted
lifetime of the photoexcited speci#s.Recent studies by Liao  Aniline Compounds used as MALDI Matrices

and Allisort® lend additional support to the involvement of absorption coefficient
excited states in the ionization mechanism of MALDI, and s S, (M~tem™)
recent work by Wu et &% with the matrix 3-hydroxypicolinic p-substituent  Amax(NM)  Amax(NmM) 266 nm 337nm
acid also suggest that excited state acidity plays a key role in° _op 297 241 440 91
MALDI. On the basis of these fundamental studies, we would  -CH; 285 244 680 36
argue that an overriding criteria for selecting a matrix compound  -Cl 295 247 730 30
is the relative acidity (or basicity for negative ion MALDI) as ~ ~CO:CoHs 277 220 1800 55
compared to the analyte basicity (or acidity). -COOH 275 225 4700 110
. . -CN 275 215 3200 150
To probe further the chemical processes responsible for the _No, 370 235 1900 7200

formation of the analyte [A+ H]' ions, we examined the
behavior of sevep-substituted anilines at 337 nm and 266 nm _ o _ ) ) _
excitation. We determine the acidity of the ground and first geometries were optimized using analytical gradients (_STO-GG basis
excited singlet states of thesubstituted aniline and anilinjum ~ S€?) and the search was terminated when the change in energy upon
ions using semiempirical calculations. The sepesubstituted successive interations was less than 0.000 01 kcal/mol. The heats of

il then di dint fth lati hip bet formation (AHy) of the p-substituted aniline compounds and corre-
aniiines are then discussed In terms or the refationship be Weensponding conjugate bases were calculated for the ground and first

matrix compound structure and its ability to act as a MALDI  gycited singlet states. Two forms of these compounds were considered

matrix. as possible acids: thesubstituted aniline neutral (acidic center -NH
and the anilinium ion (acidic center -NH. All calculations were
Experimental Section performed with full optimization of all geometrical parameters (bond

lengths, bond angles, and dihedral angles) without any symmetry

Mass Spectrometry. MALDI experiments were performed using  constraint, The conformations with the lowest energy were selected
a linear time-of-flight (TOF) mass spectrometer that has been describedsq, ~orrelation analysis.

previously!” Either a N laser (337 nm, Laser Photonics LN300) or

frequency-quadrupled Nd:YAG laser (266 nm, Spectra Physics QuantaResultg

Ray GCR Series) provided irradiation for ionization. Both the(5l

ns pulse width) and Nd:YAG laser (8 ns pulse width) were operated at  The present study compares the MALDI ion yields for seven
a repetition rate of 5 Hz. Laser power was controlled with a rotatable p_sybstituted anilines (substituents -OH, -£HCI, -COOH,
variable neutral density filter wheel. The average laser power density -CO,C;Hs, -CN, and -NQ). The selection of these particular

was measured using an energy meter (Scientech, Vector D200). Lasel, o nds for these studies is based on the wide variance in
spot size was held constant at approximately 450 x 150 um at

each wavelength. Accelerating potentials used for the studies reportedelectrpn-relea5|ng and electron-WIthdrawm_g properties of the
herein were+15 kV. lons were detected using a standard dual Substituents. For example, the -OH group is a strong electron-
microchannel plate detector biased-82.20 kV. The transient ion  releasing substituent, whereas the N@roup is a strong
signal was collected by a 300 MHz digital oscilloscope (LeCroy 9450A) electron-withdrawing substituent. These groups affect the acid/
and transferred to a personal computer for spectrum analysis (GRAMS386base properties of thp-substituted anilines by destabilizing/
version 1.0, Galactic Corp.) and storage. The solution phase UV stabilizing the conjugate base (or stabilizing/destabilizing the
absorption spectrum of eaghsubstituted aniline was taken using a  acid), depending on the relative amount of electron-releasing/
Carey spectrophotometer. _ _ ~electron-withdrawing character of the substituent.
' Sample 'Preparatl_on. 4—N|tr0anlllne, _4-am|n0phenol, 4-am|not0IU|T' Comparisons of Matrix [MH -+ H]* and MH** lon Yields

Sv'gfe' ‘L’jg;]n:siznzf%fnag%rﬁg‘yéﬁ;aarm'cr;?bgginoif‘;ﬁ’ya?gt4'52&?;06"\2'('3';'6 at 377 and 266 nm. The solution phase absorbance of the

. ’ " p-substituted anilines was determined at 266 and 337 nm. The

4-Aminobenzonitrile was purchased from Fluka (Switzerland). These . . . . .
compounds were used as MALDI matrices without further purification. positions of the first and second excited electronic state maxima

Bradykinin (M, 1059.6 Da) and bovine insulirV 5733 Da) were and molar absorptivities of eaghsubstituted aniline are shown
chosen as test analytes for MALDI analysis. Bradykinin and bovine in Table 1. The thin film absorbance is expected to be shifted
insulin were purchased from Sigma Chemical Company and used to longer wavelengths due to the crystalline structure of the film.
without further purification. Positive ion mass spectra of the seygsubstituted anilines
Bradykinin and bovine insulin solutions were prepared at concentra- were then obtained at 337 and 266 nm. The ratios of [MH
tions of 0.93 and 0.18 mM in methanol, respectively. All matrix H]*/MH*' ion abundances are shown in Table 2. Note that
solutions were prepared in methanol, each at a concentration of 0.11the matrix MH"* is more abundant than the [M# H]* at 337
M. MALDI samples were prepared by codepositing the matrix and nm eycitation for allp-substituents with the exception of the
analyte solutions on the probe tip and allowing them to crystallize. -NO; substituent. When the excitation laser wavelength is

Matrix-to-analyte molar ratios used in the experiments were 120:1 for . .
bradykinin and 600:1 for bovine insulin. Each MALDI mass spectrum changed to 266 nm, the matrix 1S more_gbundant than
the [MH + H]* for all sevenp-substituted anilines.

consisted of the average ion signal acquired from 100 laser shots. Seve X S
replicate experimental runs for bradykinin and eight replicate experi- ~ The severmp-substituted aniline compounds were tested as
mental runs for bovine insulin using each of txsubstituted aniline MALDI matrices using bradykinin and bovine insulin as
compounds as matrix were performed to allow estimation of standard analytes. Figure 1 contains the 337 nm MALDI mass spectra
deviation of MALDI analyte [A+ H]* ion yields. of bovine insulin obtained using 4-aminophenol and 4-nitro-
Semiempirical Calculations. The semiempirical calculations were  aniline as matrices. The laser energy was measured to be 120
performed using MOPAC version 68running on a MacIntosh Quadra wullpulse (100 MW/cr and 60uJd/pulse (55 MWi/crd) for

900. The starting geometries were obtained using the Molecule Editor 4-aminophenol and 4-nitroaniline, respectively. The compounds
program?'® The calculations were performed by the standard M3
program based on the restricted Hartré®ck method. Ground state (21) (a) Stewart, J. J. Frank J. Seiler Research Labs, United States Air
Force Academy, Colorado Springs, CO 80840. The MOPAC program was
(18) Atkins, P. W.Physical Chemistry3rd Ed.; W. H. Freeman and run through the CaChe Worksystem 3.0 obtained from CaChe Scientific,
Company: New York, 1986; Chapter 19, p 471. Inc., P.O. Box 500 MS 13-400, Beaverton, OR 97077. (b) The Molecule
(19) Liao, P.; Allison, JJ. Mass Spectroml995 30, 408. Editor program was also run through the CaChe Worksystem 3.0.
(20) Wu, K. J.; Shaler, T. A.; Becker, C. Anal. Chem1994 66, 1637. (22) Stewart, J. JJ. Comput. Cheni989 10, 209.
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Table 2. Relative Abundance of [M+ H]*/MH** lons Observed - -
in the TOF Mass Spectrum Near Threshold for Desorption and @ X100 Bovine Insulin
lonization of thep-Substituted Aniline Compounds as a Function of Nty
Incident Laser Wavelength Q
[MH + H]*/MH**
HO
p-substituent 337 nm 266 nm _
-OH 0.20 €0.01) 0.16 £0.03) 5 A A
-CH; 0.21 (0.05) 0.21 £0.04) <
-Cl 0.34 &0.1) 0.21 ¢0.01) ‘2 | (b) ' ' ' ' ' '
-CO,CHs 0 0.16 0.04) g Nz X 100 i
-COOH 0.42 £0.04) 0.09 £0.03) ~ = (A sl
-CN (o3 0.07 0.04) S\j A+ 22 "“*M“"
-NO; 3.5 (*0.4) 0.4 ¢0.1) O,N )
a[MH + H]* and MH" ion signals not observed; only fragments. M J %
b +3 i . i i W
[MH + H]* ion signal not observed; MH ion signal observed. e —— “\M‘W iy

Bovine Insulin 1060 2060 Mass-(o-csho'(dl);)ge ©a) 4000 3000 6000
Figure 2. MALDI TOF mass spectra (266 nm) of bovine insulin using
the p-substituted aniline matrices (a) 4-aminophenol (40(ulse) and
(b) 4-nitroaniline (14QuJ/pulse).
semiempirical molecular orbital theory calculations for the
p-substituted aniline compounds in the ground and first excited

singlet states, respectively. The first column of Table 3 refers
to Scheme 1 which contains thsodesmié® proton transfer
reactions involving the-substituted aniline neutrals (reaction
1la) and thep-substituted anilinium ions (reaction 1b). First,

[A+HI*

Relative Ion Signal

[A + 2H]2+ [A+MH [
|

v the ground state heats of formatiai; are calculated for the
acid and the corresponding conjugate base of pastibstituted
il W“u aniline species. Then, the energy differed¢aH;) is calculated
. i , , . , using theisodesmigroton transfer reaction (Scheme 1, reaction
e e s o0 00 oo la or 1b). Thisd(AHs) gives the calculated effect of the

Mass-to-charge (Da) . I\” ' . -
substituent on acidity relative to that of unsubstituted aniline

or anilinium ion (aniline was not used as a matrix in this study).
Our calculatedd(AHs) values agree reasonably well with the
STO-3Gab initio calculated energy difference¥AE)** and
4-aminophenol and 4-nitroaniline represent the two extremes experimentally determined free energy differencg¢AG)242
in reactivity observed across the seriepefubstituted anilines. shown in columns 6 and 7. The average deviation of the
4-Aminophenol produced no [A H]" ions regardless of laser  semiempirical calculated(AH;) values compared tab initio
power (Figure 1a), compared to the large abundance of [A  §(AE) values is 14% of the total range of the substituent effects
H]* ions produced by 4-nitroaniline (Figure 1b) under fairly (2.5t0—27.8). Table 4 contains the calculai®d\H*;) values
standard MALDI conditions. In addition to the singly charged  for the p-substituted aniline species in the zeroth vibrational
bovine insulin [A + H]* ions observed for 4-nitroaniline, level of their first excited singlet states. Experimental and/or
matrix—analyte adduct [A+ MH + H]* ions and the doubly  calculated values are unavailable for comparison. However,
charged [A+ 2H]*" ions are present in the mass spectrum. we can calculate the energy difference of a vertical excitation
Figure 2 compares the 266 nm MALDI mass spectra of bovine (j.e., geometries are optimized for the corresponding ground
insulin obtained using 4-aminophenol and 4-nitroaniline as states and used to determine properties of the excited singlets
matrices. At 266 nm, the laser energy was measured to be 40Gn higher vibrationally states) and compare the results to
udlpulse (222 MW/crf) and 140uJ/pulse (78 MW/crf) for experimental values derived from thgay of bands in the cor-
4-aminophenol and 4-nitroaniline, respectively, which is roughly responding absorption spectra. The solution phase absorption
a factor of 1.5-2.5 higher than that used at 337 nm. No{A maxima are observed at 280 and 285 nm for arffinad 4-ami-
H]* ion signal is observed with 4-aminophenol matrix (Figure notoluidine, respectively. We would expect thga to blue
2a). 4-Nitroaniline produced weak [A H]* ion signal (Figure  shift in the gas phase. In fact, our calculated energy differences
2b), compared to the strong [A H]" ion signal obtained for  corresponding tdmax values of 261 nm for aniline and 264 nm
337 nm MALDI. Similar results (not shown) were obtained for 4-aminotoluidine (results not shown) are blue shifted.
for MALDI of bradykinin; 4-aminophenol produced weak [A Table 4 also lists the difference in acidity between the ground
+ H]* ion signal, and 4-nitroaniline produced the mostfA  states and the excited states of thgubstituted aniline species,
H]* ion signal at an incident laser wavelength of 337 nm. All as formally defined using the “Ester cycl@® (Scheme 2).
severp-substituted anilines produced less bradykinirfAd] * Forster's excited state acidities of thesubstituted aniline
ion signal at 266 nm relative to 337 nm. species are scaled relative to the unsubstituted aniline and
Analysis of Calculated Gas-Phase Acidities Semiempirical . . . -
andab initio calculations have been used previously to determine 19%4)41?)1}8%?'355{'TGe{égJSZfA,AM.?%%%Ehl?i’ R %V_';()Lgéhcrgw\,_ 3.
substituent effects on the ground state acidity of amfihand Topsom, R. D.; Pross, A.; Radom, L.; Taft, R. \Wrg. Comput. Chem

anilinium ions?* Tables 3 and 4 list the results of the 1981 46, 891. _ _ _
(25) Robin, M. B.Higher Excited States of Polyatomic Molecules

(23) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A.Am. Soc. Academic Press: New York, 1975; Vol 2.
Chem 197Q 92, 4796. (26) Faster, Th.Z. Electrochem195Q 54, 42.

Figure 1. MALDI TOF mass spectra (337 nm) of bovine insulin using
the p-substituted aniline matrices (a) 4-aminophenol (Z2@ulse) and
(b) 4-nitroaniline (62uJ/pulse).
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Table 3. Computed Ground State Energies (kcal/mol) peBubstituted Aniline Species Using the PM3 Semiempirical Method

reaction p-substituent AH)acia (AHf)conj. base O(AHy)? O(AE)° O(AG)®

1a (aniline neutral) -OH —23.1 —30.6 —0.5
-CHs; 12.1 4.7 -0.4 1.0 12
-Cl 145 1.3 —6.2
-H 214 14.4 0 0 0
-COCoHs —65.6 —87.2 —14.6
-COOH —69.0 —-92.0 —16.0
-CN 55.8 32.3 —16.5 —20.2
-NO, 10.8 —24.0 —27.8 —27.7

1b (anilinium ion) -OH 128.1 —-23.1 25
-CHs; 164.2 12.1 1.8 24 3.2
-Cl 169.9 14.5 -1.6 -1.8
-H 175.2 21.4 0 0 0
-CH2CzHs 92.7 —65.6 —4.5
-COOH 91.0 —69.0 —6.2
-CN 217.3 55.8 7.7 —-10.4
-NO, 179.2 10.8 —14.6 —14.8

2 5(AHr) = (AH1)x conj. base— (AHf)x acid — (AH1H conj. base™ (AH)H acie ® STO-3Gab initio results forp-substituted anilinium ions taken from ref
24. ¢ Reference 24a.

Table 4. Computed Excited State Energies (kcal/mol) aridske’s Excited State Acidities fqr-Substituted Aniline Species Using the PM3
Semiempirical Method

reaction p-substituent AH*)acid (SH*)conj. base O(AH*)? Forster's excited state acidity

1a (aniline neutral) -OH 69.80 30.56 —10.22 —0.44
-CHs; 97.81 68.40 —0.39 0
-Cl 101.77 64.58 —8.16 —0.09
-H 106.37 77.35 0 0
-CO,C;Hs 15.96 —13.59 —0.52 0.64
-COOH 12.19 —18.48 —1.65 0.65
-CN 137.56 99.53 —9.01 0.34
-NO; 88.64 59.26 —.36 1.25

1b (anilinium ion) -OH 229.28 69.80 15.86 0.62
-CH; 264.04 97.81 9.10 0.34
-Cl 277.92 101.77 —0.82 0.04
-H 281.70 106.37 0 0
-CO.C;Hs 192.92 15.96 —1.63 0.13
-COOH 195.55 12.19 —8.03 —0.08
-CN 322.30 137.56 —9.41 —0.08
-NO; 295.73 88.64 —31.76 —0.80

a Geometries optimized for the State yielding excited singlets in their ground vibronic states W{tkH*¢) corresponding to a (00) transition.
b Excited state acidity= [6(AH*)x — S(AH)x)/[0(AH*1)n - S(AHg)w] — 1 (see text for further discussion).

Table 5. Regression Outputs for Semiempirically Calculated Scheme 2
Properties ofp-Substituted Aniline Species versus Hammgit M-
Values 0(AHs) or Excited State Acidity= p (0p") + C) T
*
reaction 0 C r2 Mps __ SwH)
1a (aniline neutral) 6(AHy) Forster’s —-17.23 —3.28 0.95
excited state acidity 0.86 —.06 0.86
1b (aniliniumion) O(AHy) Forster's -9.74 0.15 0.95
excited state acidity —0.61  0.27 0.73 M-
1
Scheme 1 8(AH)
MH
la X‘QNHZ + @—NH' — XQNH‘ + @—Nuz
MH - M + H*t
b XQNH3++ @——NHZ X@—NHer @—NH;" . . . .
the unsubstituted aniline neutral or anilinium ion, then the
X =-0H, -CHj, -CI, -COOH, -COyCHs, -CN, -NO» calculation of Foster’s excited state acidity yields a positive

value. If thep-substituted species become more acidic in the
determined using eq 1 whetgAH*)x and d(AH)x are the excited state than the unsubstituted aniline neutral or anilinium
ion, the calculated Hster's excited state acidity is negative.
Forster's excited state acidity A further check of the validity of the calculated fster’s
SIAH* )Y — SIAH)VIS(AH* ). — S(AH -1 excited state acidities is obtained by plotting these values against
[0(AH")x = O(AHIO(AH") = (AH)] @) the Hamme#’~30 substituents,~ values. Thes,™ values are
— — 2 .
calculated energy differences for proton transfer from the 0.37, ~0.15, 0.19, 0.68, 0.73, 0.89, and F27or p
p-substituted aniline species (¥ -OH, -CHs, etc) and (27) Hammett, L. PChem. Re. 1935 17, 125.
S(AH*{) and 5(AH)y are the calculated energy differences ggg JHZf;ic*;-g-_Ci‘gg"- ARef;?tS?ﬁs\?\blrwgelrh Re. 1991 91 165
for proton transfer from the unsubstituted species. If the s J E.- Scott. J. A~ | > 7/ 1 Sod

h - Ay ’ (30) Bartmess, J. E.; Scott, J. A.; Mclver, R.JTAm. Chem. Sod979
p-substituted species become less acidic in the excited state thano1, 6046.
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Figure 3. MALDI bovine insulin [A + H]" ion yield plotted as a
function of the calculated effect of thesubstituents on the ground
state acidity of aniline and anilinium ions. The correlation coefficient
for [A + H]* ion yield as a function ofp-substituted aniline acidities
is 0.91 and as a function pfsubstituted anilinium ion acidities is 0.98.
The stand deviation of the [A H]" ion signal is given by the error
bars.

substituents -OH, -C§l -Cl, -CO,C,Hs, -COOH, -CN, and
-NO,, respectively. These “exalted” substituent values were
originally determined for proton transfer reactions using the

p-substituted aniline series and take into account the enhanced

interaction between thesubstituent and the -NP (or -NHz* 32
) reaction center. Thé(AH;) values calculated from ground
state properties for both Scheme 1 reactions la and 1b hav
satisfactory correlations with experimentally determined Ham-
metto,~ values (2 = 0.95 in both cases). The correlation of
Forster's excited state acidities with,~ values is found to be
significantly smaller (2 = 0.86 and 0.73, respectively) for
excited state reactions 1a and 1b. The fact that thetécs
excited state acidities have lower correlations is not surprising;
it is possible that thep-substituents affect the excited state
reaction chemistry in a manner that is different than the ground
state reaction chemistry.

Correlation of MALDI Analyte [A + H]* lon Yield and
Calculated Gas Phase Acidities.The 337 nm MALDI analyte
[A + H]* ion yield was measured for bradykinin and bovine
insulin using eaclp-substituted aniline compound as matrix.
Figures 3 and 4 show plots of the MALDI [A H]* ion yields
for bovine insulin plotted against the calculated ground state
acidities and Frster's excited state acidities for the series of
p-substituted aniline matrices. Note that the bovine insulin [A
+ H]* ion signal was not observed when 4-aminophenol was
used as matrix. Recall that the more negativedfreHs) (or
O0(AH*y)) value, the more acidic th@substituted aniline matrix.

Linear regression of the data assuming ground state reactivity

yields r? values of 0.91 fomp-substituted aniline species and
0.98 for thep-substituted anilinium ion species acting as the
acid. Plots of the results of the MALDI ion yields for
bradykinin (not shown) yieldr? values of 0.77 and 0.86,
respectively. Linear regression assuming excited electronic stat
reactivity of the data contained in Figure 4 yieldsvalues of

0.73 and 0.94 for the p-substituted aniline and anilinium species,

respectively; the? values for bradykinin data are 0.65 and 0.86
(graphs not shown).

Discussion

Previous fundamental studies of desorption ionization, includ-
ing MALDI, focus primarily on issues related to energy

(31) Jaffe, H. H.; Jones, H. L1. Org. Chem1965 30, 964.
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Figure 4. MALDI bovine insulin [A + H]* ion yield plotted as a
function of the calculated difference between ground and excited state
acidity of thep-substituted aniline and anilinium ions. The correlation
coefficient for [A+ H] " ion yield as a function op-substituted aniline
excited state acidities is 0.73 and as a functiop-sfibstituted anilinium
ion acidities is 0.94. The standard deviation of the{fAd]* ion signal
is given by the error bars.

deposition and desorption dynamiitgi.e., the physics of the
desorption ionization process). However, few studies actually
examine the reaction chemistry that gives rise to the protonated
nalyte molecule [A+ H]'.121319.3234 |n most desorption
ionization experiments, it is difficult to identify the processes
that initiate the ion-forming reactions. For example, fast atom

epombardment (FAB) ionization involves impacting a kiloelec-

tronvolt energy particle (& Xe° Cs') onto a liquid matrix
(typically glycerol, G). As a result of the particle bombardment,
material is ejected into the vacuum and clusters of the solvent
G,H™ are formed as are protonated §AH] " ions. It is unclear
whether gas phase [A H] " ions are produced simply because
they exist as such in solution or are the result of gas phase or
condensed phase proton transfer reactt®®nghe major objec-
tive of this study is to critically examine the role of proton
transfer reactions in the MALDI process. Our basic premise is
that photon absorption by the matrix initiates two separate
events: (i) energy deposition into the solid lattice that ultimately
results in the ejection of material into the gas pA#sand (ii)
formation of reactive matrix species that yield an ionized form
of the analyte. Recent studies by Yeung and co-woPkans
Ehring and Sundqvi$t show that some of the laser energy
deposited into the matrix results in the formation of species that
also decay by radiative processes. Although radiative and
nonradiative decay processes affect the total yield of ionic
species, we cannot measure this parameter in the mass spec-
trometric experiment. We will focus the remainder of this
discussion on processes involving proton transfer.

Plausible mechanisms for ion formation in MALDI are
summarized in Scheme 3. Radical cations of the matrix can
be formed directly by multiphoton ionization (MPI) (reaction
1). In addition, the absorption of photons by the matrix can

eyield an excited state matrix species (MH*), which can react

with other matrix molecules to form the radical anion MH
and the radical cation, M# (reaction 286 Under conditions
where separated radical cations are formed, they could react by

(32) Castro, M. E.; Mallis, L. M.; Russell, D. HI. Am. Chem. Soc.
1985 107, 5652.

(33) (@) Sunner, J.; Kulatunga, R.; Kebarle,Ahal. Chem.1986 58,
131. (b) Sunner, J.; Morales, A.; Kebarle,Ahal. Chem1987, 59, 1378.
(c) Sunner, J.; lkonomou, M. G.; Kebarle, Bt. J. Mass Spectrom. lon
Processesl988 82, 221. (d) Sunner, JOrg. Mass Spectronil993 28,
805.

(34) Levis, R. J.; Romano, L. J. Am. Chem. S0d.991, 113 7802.

(35) Ehring, H.; Sundqvist, B. U. Rl. Mass Spectron1995 30, 1303.
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Scheme 3

MH =¥ MH* + ¢

MH + MH——> MH" + MH — MH' +

(2a) LMH
[MH + HJ’

(2a’) A

MH

(2b) LMH
M

@b)| A

MH + [A+H]" MH + [A-H]
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+ [MH+H]' (3)

A @b | A

MH + [A-H] MH + [A+H]

MH + A —USMH + A — (M[A+H]) — M + [A+H] ()

proton transfer with other matrix molecules to produce [MH
H]*™ and M- ions (reactions 2a and 2b, respectively). Proto-
nation of the analyte A could occuiia reaction with MH"™
and/or [MH+ H]*. Note, radical ior-molecule reactions of
this type are discussed within the ionization model proposed
by Ehring et al? Similarly deprotonation of the analyte can
occur by reaction of MHA* and/or M~ with the analyte.
Reactions of this type could be responsible for the formation
of [A — H]~ ions in negative ion mode MALDI. If the laser
fluence is sufficiently high that MPI of the matrix results in
formation of fragment ions of the matrix, it is possible that even-

J. Am. Chem. Soc., Vol. 119, No. 10, 19939

occurs for 4-nitroaniline. 4-Nitroaniline produces a much
weaker bovine insulin [A+ H]™ ion signal at 266 nm where
there is a corresponding lower [MHt H]*/MH™** ion signal.
We interpret these results as evidence that the ionization
mechanism of MALDI is probably influenced by the particular
excited state accessed via the excitation photon wavelength. If
the proton transfer reaction depended solely on the relative
abundance of MK ions formed, then th@-substituted ani-
lines would generally act as better MALDI matrices at 266 nm
where the dominant ion is MH. The wavelength dependent
behavior of these MALDI matrices is not unique to the
p-substituted anilines examined in this study. For example, we
observed thati-cyano-4-hydroxycinnamic aciflworks better
as a MALDI matrix at 337 nm than at 266 nm. As mentioned
previously, similar observations were reported for indole-2-
carboxylic acidt? In terms of understanding MALDI, the
studies at 337 and 266 nm underscores the point that the
photoinduced proton transfer reaction(s) must be driven at the
excitation wavelength. That is, proton transfer must be an
available nonradiative decay channel of the photoexcited matrix
molecule. Steadman and Sy&%eand Robinson and co-
workerg! have demonstrated the influence of excitation wave-
length in determining the photoionization versus ESPT reaction
chemistry of aromatic acids, such as phefidl;naphthol, and
2-naphthol! in clusters of ammonia and mixtures of ammonia
and methanol.

We now turn the discussion to the ionization reactions

and odd-electron fragments of the matrix are formed, and theseillustrated in Scheme 3. Reaction 1 clearly takes place as

species may also react with matrix and analyte. Alternatively,
if MH* is acidic, it can react with matrix or analyte molecules
to donate a proton to form [MH- H]* or [A + H]" ions

evidenced by the presence of matrix radical cations™Midr
all p-substituted aniline compounds studied. However, the
extent to which analyte ionization reactions involving the MH

(reactions 3 and 4). Reactions 3 and 4 correspond to excitedSpecies (reaction 2) occur cannot be determined by our 266 and

state proton transfer (ESPT), and formation of [MHH]* or
[A + H]™ as gas phase ions requires the partitioning of the

337 nm results. Clearly, simply increasing the relative abun-
dance of the MH* ion does not result in a corresponding

quire . . = 0
excess energy of proton transfer into internal energy as well asincrease in analyte [A- H]™ ion signal.

energy to affect ion pair separation (M:[MH + H]* or
M~---[A + H]*). The energy requirements for ion pair

The [A+ H]* ion formation illustrated in reaction 3 involves
proton transfer from the protonated matrix molecule (anilinium

separation of an isolated molecule can be quite high, as muchion) which is generatedia an ESPT from a neutral matrix

as 15 e\8’ but this energy is greatly reduced in a “solvated”
systeni® as might be found in the crystalline solid or the dense
phase as the material is desorbed from the sample surface.
The discussion of our results begins with an examination of
the wavelength dependent mass spectra of each ofpthe
substituted anilines. Table 2 shows the effect of 337 and 266
nm excitation on the relative abundance of [MHH]*/MH**
ion signals. Note that the radical cation MHs more abundant
than the [MH + H]™ in the 337 nm mass spectra of all
p-substituents with the exception of -NOThe MH"™ ion is

molecule. Our semiempirical calculations demonstrate that
changes in acidity of thp-substituted anilinium ions correlate
with the Hammett substituerd,~ values; that is, electron-
releasing substituents are acid-weakening, whereas electron-
withdrawing substituents are acid-strengthening. Figures 3 and
4 show a correlation between the relative abundance of the
bovine insulin [A+ H] ™ ion signal and the calculated effect of
the p-substituents on the aniline matrix acidities. As indicated
in Figure 3,p-substituents that increase acidity lead to increased
analyte [A+ H]" ion formation andvice versa The MALDI

the dominant ionic species in the 266 nm mass spectra of all of bovine insulin [A+ H]* ion signal shows a strong relationship

the p-substituted anilines. The most significant increases in
MH™** relative to [MH+ H]* ions are observed in the 266 nm
mass spectra of 4-nitroaniline. The 266 and 337 nm MALDI
studies show that matrices that work well at 337 nm.,(yield

a large abundance of analyte A H]* ions) do not work as

with the calculated ground state acidity of tpesubstituted
anilinium ions (> = 0.98). This result is consistent with
behavior that would be expected for an ionization mechanism
proceeding by Scheme 3, reaction 2 and/or reaction 3, in which
the reacting p-substituted anilinium ion is in the ground

well at 266 nm. There does not appear to be a direct correlation €lectronic state. We also find that a correlation exists=

with the presence or absence of a particular matrix species.

Despite no change in the relative [MHH]*/MH™* ion signal,
4-aminotoluidine produces bovine insulin fA H] ™ ion signal
when excited at 337 nm but not at 266 nm. On the other hand,
the most significant change in [MH- H]*/MH** ion signal

(36) (a) Kavarnos, G. J.; Turro, N. Chem. Re. 1986 86, 401. (b)
Chung, W.-S.; Turro, N. J.; Gould, I. R.; Favid, & Chem. Phys1991],
95, 7752.

(37) Syage, J. A.; Steadman,J).Chem. Phys1991], 95, 2497.

(38) Arnett, E. M. InProton-Transfer Reactiongaldin, E., Gold, V.,
Eds.; Wiley: New York, 1975; p 75.

0.94) between the excited state acidities mSubstituted
anilinium ions and MALDI bovine insulin [A+ H]* ion yield
(Figure 4). This correlation suggests that gfsubstituted

(39) (a) Russell, D. H. IThe Proceedings of the 42nd ASMS Conference
on Mass Spectrometry and Allied Topi€hicago, IL, May 29 to June 3,
1994; p 1. (b) Kinsel, G. R.; Russell, D. H. Unpublished results.

(40) (a) Steadman, J.; Fournier, E. W.; Syage, JABpl. Optics199Q
29, 4962. (b) Syage, J. A. Iblltrafast Dynamics of Chemical Systems
Simon, J. D., Ed.; Kluwer Academic Publishers: Dordrecht, The Nether-
lands, 1993.

(41) Lee, J.; Robinson, G. W.; Webb, S. P.; Philips, L. A.; Clark, J. H.
J. Am. Chem. S0d.986 108 6538.
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Scheme 4 relatively short lifetime (fluorescent radiative lifetime on the
Muorescence vy v MK order of 1-10 ns) of the excited singlet state may preclude the

direct involvement of excited singlet state species in the gas

phase production of analyte ions; however, the studies on heavy-

(5a)

A (Mo (A + HJ'yr  Momscome k) My A (b atom effect¥’ implicate invplvement of triplet excited states,
. and these long-lived species would contribute to a gas phase
MH —=— MH* — ionization process. Measurements of the ion initial kinetic
(M (A + H'ys  ceciommodeushmen (V4L (S0 energy distributions of MALDI-formed ions suggest that some

analyte [A+ H]™ ion formation occurs in the gas pha%e3

All of the anilinium ions with electron-withdrawing-substit-
uents in this study can act as gas phase acids either in their
M (MH +H]'-M)*— [MH+H]' + M (5d) excited or ground states.

anilinium ions are present in the desorption, these matrix ions COnclusions
should be considered as possible proton sources. In this paper we present results showing that changes in
In Scheme 3 reaction 4, proton transfer to ionize the analyte matrix structure which increase matrix acidity increase the
occurs directly from the photoexcited neutral matrix species. MALDI analyte [A + H]* ion yield andvice versa Semiem-
The MALDI analyte ion yields do not correlate?(= 0.73 and pirical calculations were performed assuming thermodynamic
0.65 for bovine insulin and bradykinin, respectively) to the control of the proton transfer reaction. This trend should also
calculated Frster's excited state acidities of tipesubstituted be observed if kinetics control the chemistry and the activation
aniline neutrals. The-substituted aniline neutrals appear to barrier for proton transfer is small. To understand more fully
become weaker acids in the excited state as opposed to thdhe influence of thermodynamics versus kinetics in the MALDI
p-substituted anilinium ions which become stronger acids in the €xperiment, it would be useful to examine the ‘anolecule
excited state. To the best of our knowledge, no studies havereaction rates involving thegesubstituted aniline compounds.
been performed to probe the changes in acid/base chemistryFurthermore, the results of the studies conducted at 266 and
for deprotonation of excited stafesubstituted anilines. The 337 nm suggest that the matrix excited electronic state is
MALDI analyte ion yields do correlate with the calculated important to the observation of the MALDI effect. The
ground state acidities of thsubstituted aniline neutrals’(= p-substituted anilinium ion appears to act as proton donor to
0.91 and 0.77 for bovine insulin and bradykinin, respectively) the analyte as opposed to the aniline Mtibn. We have not
and suggest that a proton transfer reaction analogous to reactioPeen able to determine unambiguously whether the ground or
4 that does not involve photoexcitation should be added to excited statgp-substituted anilinium ion is responsible for the
Scheme 3. proton donation. The mechanism of analyte fAH]* ion
Other routes for deactivation and/or reaction of the photo- formation is complex, involving both condensed phase and gas
excited matrix that have not been considered thus far and couldphase reactions, and likely to involve both [MH H]* and
be probed experimentally are illustrated in Scheme 4. The MH™ species. A detailed examination of the behavior of the
deactivation of the photoexcited matrix neutral (reaction 5a) and/ P-substituted aniline compounds in negative mode MALDI is
or conjugate base in the ion pair (reaction 5b) by emission of currently in progress and should yield additional insight into
a photon could be determined by monitoring the matrix the role of the matrix in the analyte ionization mechanism.
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