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Abstract—In this work simple derivatization is used as a means of enhancing the solubility of polar aromatic
carboxylic acids in supercritical CQ, and N,O. The supercritical fluid is then expanded from 200 atm and 40°C
through a pulsed injection orifice into vacuum as a supersonic jet for analysis by laser resonant two-photon
ionization spectroscopy in a time-of-flight mass spectrometer. The use of derivatization reduces the polarity of these
carboxylic acids and thus greatly enhances their solubility in these fluids. The result is that strong ionization signals
from the jet are detected in the mass spectrometer at relatively low temperatures where these molecules, many of
which are thermally labile, will not decompose. The laser ionization method allows soft ionization of these
compounds where the molecular ion is generally the base peak and a characteristic fragment due to simple C,-C,
cleavage is often observed. By monitoring the molecular ion as a function of wavelength a cold laser ionization
spectrum with sharp spectral features can be obtained in these supersonic expansions from high pressure
supercritical fluids thus demonstrating that optical selectivity is still retained even after derivatization.

INTRODUCTION

THE useof hyperdense gases also known as supercritical fluids is of current interest as a means
of volatilizing nonvolatile and thermally labile molecules into a mass spectrometer [ 1-4]. The
dissolving properties of these fluids have been demonstrated in the past for polynuclear
aromatic hydrocarbons (PNAH) that require high temperature ( > 250°C) for vaporization
and for thermally labile pesticides and even several small biological molecules [1-12].
Although direct liquid introduction methods could also be used for introduction of
nonvolatiles into vacuum the much higher volatility of most gases used in supercritical fluid
injection (SFI) provides a significant advantage in that the supercritical fluid immediately
converts into a gaseous beam of molecules after introduction into the vacuum. Thus,
supercritical fluids have the potential to serve as a method of introducing supersonic
expansions into a mass spectrometer [1, 4, 13] for selective spectroscopic analysis. SFI
generally utilizes expansion gases with a low enough number of internal modes so that
significant cooling of the dissolved materials can be achieved during the molecular beam
expansion.

The ultracooling effect obtained by seeding a large molecule in a supersonic jet expansions
as in the supercritical fluid expansion described above has been probed using selective laser
techniques by Fuxkuoka et al. [14] using laser induced fluorescence and by our laboratory
using resonant two photon ionization, R2PI, spectroscopy [4, 16]. In this expansion the
internal modes of the seed molecules are cooled due to two-body collisions in which the
internal energy of the large polyatomics is transferred to the translational energy of the
carrier gas [15]. The result is the appearance of sharp rovibronic lines (~ 0.2 A) which can be
probed using pulsed frequency doubled dye lasers in the near ultraviolet region of the
spectrum. These lasers have a sufficiently narrow bandwidth ( ~ 0.1 A) capable of resolving
this structure for obtaining spectroscopic selectivity for identification. Thus laser induced
resonant two-photon ionization spectroscopy in conjunction with supersonic expansions can
be used as a selective ionization source in a mass spectrometer. In our previous work this
method was performed using supercritical fluid expansions at relatively low temperature
{3540°C}in order to volatilize PNAH’s and other nonvolatiles with melting points as high as
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250-300°C for detection and spectroscopic analysis in a time-of-flight mass spectrometer
(TOFMS).

Most of the studies of solubilities of materials in supercritical fluids to date have been for
relatively nonpolar substances in non-polar or only slightly polar solvents such as CO, and
N,O. Only very limited work has been performed in highly polar solvents such as NH, [5]
for enhancing the solubility of polar biological molecules. As an alternative we suggest the use
of simple derivatization [ 10] as a means of injecting clinically important biological molecules
using supercritical fluids into supersonic beams. By simple modification of the original
molecule the polarity can be reduced so that it can be readily dissolved into the standard CO,
or N,O fluids without loss of the basic spectroscopic features. This method should greatly
enhance the solubility of important molecules for analysis by this method without requiring
the use of highly toxic and dangerous polar solvents such as NH; or of fluids such as
methanol which require over 200°C to reach supercritical fluid conditions and would result in
decomposition of these labile molecules. Although other solvents could conceivably be used,
derivatization allows the use of CO, and N,O fluids which provide excellent cooling of these
derivatized materials in a pulsed expansion as demonstrated in this work using R2PI
spectroscopy in a TOFMS.

EXPERIMENTAL SECTION

The apparatus for supercritical fluid injection into the supersonic beam time of flight mass
spectrometer (TOFMS) has been described in detail elsewhere [4, 16]. It consists of a differentially
pumped system with a TOF mass spectrometer sitting verticaily on the top of the ionization chamber.
The molecular beam is introduced through a hyperpressure pulsed nozzle, which has been described in
an earlier publication [16]. A liquid nitrogen cooled partition plate with a skimmer separates the
ionization chamber from the first chamber. The laser beam enters the ionization chamber through a
quartz window and R2P1 is produced in the acceleration region of the TOFMS. A 150 um orifice is used
in the nozzle which results in a pressure of no higher than 2 x 10~ torr in the TOF chamber when the
nozzle is operated at 10 Hz with pulse width of about 600-700 us. Six liquid N, cryobuckets are used to
pump efficiently the condensible CO, and N, O carrier gases. The supercritical fluid is provided by two
Varian 8500 syringe pumps which are operated in series so that the fluid can be delivered to the
molecular beam continuously. This illustrates the importance of pulsed injection since the reservoir
would last for only a very short time with a 150 um orifice in a continuous flow. The supercritical fluid is
flowed over the material in the reservoir and into the pulsed valve for injection into the mass
spectrometer. The sample reservoir is heated to ~ 40-50°C and the pulsed nozzle is generally heated
10°C higher to prevent clogging.

The hyperpressure pulsed valve used in this work has been modified over that used in previous work.
The valve now can operate at up to 200°C by replacing the O-ring seal between the body and face plate
with a metal-to-metal gasket seal. The new valve has been machined so that a 1.90 in. (0.d.) standard
OFHCRcopper gasket can be used as a seal between two sharp metal teeth as copied from the standard
Varian type flange. The faceplate was also made thicker ( ~ 0.4 in.) and is now held by 12 1/4-20 cap
screws in order to better withstand the high pressure in the valve. Also, the front disk that holds the
aperture was made thicker to prevent bending. In our previous design the faceplate could distort and
bend due to the pressure over a period of time.

The laser system is a Quanta-Ray DCR2A Nd:YAG pumped dye laser (PDL-2A) system, in which
266 nm ultraviolet light is generated as the fourth harmonic of the 1.06 yum fundamental. In addition, a
WEX wavelength extension device is used to frequency double dye laser radiation in KDP in order to
obtain u.v.-visible radiation. The light is collimated with a positive/negative quartz lens telescope to a
~ 2-mm beam. The ions produced by laser R2PI in the supersonic jet were mass analyzed using a
TOFMS. The signals were averaged 100 times by a LeCroy 9400 digital oscilloscope. The wavelength
spectrum was obtained by using a gated integrator to monitor the molecular ion of the species of
interest as a function of laser wavelength.

The compounds studied herein all contain a polar —-COOH group and were obtained from either
Aldrich or Sigma Chemicals. In order to increase the solubility of these compounds an alkylation of the
form shown in (I) was performed [17] following the procedure of Frick et al.

MeOH/CH;COCI (v/v 4:1)
R-COOH-~—--——~~—~ -~~~ +RCOOCH; (1
50°C N, stream
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The derivatized product is dissolved in a small amount of methanol and placed in the experimental
reservoir.

REesuLts and DiscussioN

Table 1 lists the compounds studied by R2P1 injected into the TOFMS using supercritical
fluid injection. The first three columns show the original carboxylic acid, its structure and
molecular weight. Most of these compounds cannot be detected by R2PI from supercritical
fluid injection with any significant signal above the noise level at 50°C and 250 atm reservoir
pressure of CO, or N, O. This is due to the low solvation power of CO, and N, O for these
compounds with very polar functional groups. The fourth column shows the ion masses
observed in the mass spectra. The last column lists the mass differences between the molecular
ions of the derivatives in the mass spectra and the original acids.

Table 1. R2PI induced mass spectral data for derivatized carboxylic acids at 266 nm

Compound Structure MW MZ oMW
1. 5-methoxy “‘x"\@\—}’ Hgcoom 205 219 14
indole-3-acetic acid ¥ 160
N, coon
2. indole-3-acetic acid @U’ 175 189 14
H 130
CHLOO0N
3. phenyl acetic acid @ 136 150 14
91
1,CO0H
4. p-hydroxy phenyl 152 166 14
acetic acid 107
R O0H
5. homovanillic acid 182 196 14
y 137
CHONCOOH
6. p-hydroxy pheny! 182 186 14
lactic acid 107
CHONC 00H
7. 4-hydroxy-3-methoxy 212 226 14
phenyt lactic acid ocn 137
3
20H£00H
8. 3-(4-hydroxy phenyl) 166 180 14
propionic acid 107
DOH
9. p-anisic acid 182 166 14
135
3
10. m-anisic acid 152 166 14
135
|
11. 3-hydroxy-4-methoxy oot 198 226 28
mandelic acid 167

3 OHCOOM
12. 4-hydroxy-3-methoxy 198 226 28
mandelic acid 167
151

* oM = mass difference between the molecular ion and the original acid
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Figure 1 shows the laser R2PI mass spectra of several of the derivatives of the compounds
listed in Table 1. Many of these compounds are important metabolities of tyrosine or
catecholamine metabolism in the body. In these experiments the derivatives were expanded
from supercritical CO, or N, O at 200 atm backpressure and ~ 45°C and ionized using R2P1
at 266 nm. In each case the molecular ion peaks indicated that a—~CH; group had been added
to the carboxylic acid group. Even though the molecular ion is the dominant product of R2P1
at modest laser energy, fragmentation peaks are produced here even at the threshold laser
energy needed for ionization. This fragmentation generally involves simple cleavage of the
C,—C; bond in the alkyl side chain. Most of these compounds formed a similar stable
fragment, i.e. a substituted benzyl cation. In the case of the derivatives of the anisic acid
isomers {in which -COOH is attached directly to the aromatic ring) both the molecular ion
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Fig. 1. Time-of-flight mass spectra (a) phenyl acetic acid methyl ester expanded from a jet at 250 atm
back pressure of N, O at 50°C; (b) p-hydroxy phenyl acetic acid methyl ester and (c) homovanillic acid
methyl ester expanded from a jet at 200 atm back pressure of CO,; at 40°C.
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and a M-31 fragment appear in the mass spectra. The fragment arises from loss of a methoxy
group from the derivatized COOCH; substituent instead of the whole ester group as in the
other cases. The underivatized form of all these compounds in Table 1 could not be detected
under similar supercritical fluid expansion conditions in these experiments. However, using
this combination of supercritical fluids and derivatization, these molecules can be injected
into supersonic expansions at relatively low temperature.

The situation is slightly different in the case of 3-methoxy-4-hydroxy mandelic acid methyl
ester and its isomer 4-methoxy-3-hydroxy mandelic acid methyl ester (Table 1) where the
molecular ion produced by R2P1 increased by 28 mass units instead of the 14 observed in the
other cases, as compared to the original acids. This means that two—CH; groups were added
during derivatization. When one considers the structures of these two isomers there are two
other hydroxy groups that might be alkylated in addition to the -COOH group. However,
our other results (Table 1), indicate that hydroxy groups directly attached to the benzene ring
are not readily derivatized. We thus conclude that the hydroxy group on the side chain has
been converted to a methoxy group during the derivatization process. In these compounds
the fragments at m/z = 167 resulted from C,~C; cleavage in the side chain that formed a
substituted benzyl cation as in the previous examples. In the case of 4-methoxy-3-
hydroxymandelic acid methyl ester, the peak at m/z = 212 seems due to the incomplete
reaction in which the hydroxy group on the f-carbon of the side chain remained unchanged.
The fragment of 153 (i.e. 212-59) serves as evidence of this incomplete reaction.

The key question is whether spectroscopic wavelength selectivity is maintained in these
expansions after derivatization. In Fig. 2b is the R2PI induced mass spectrum (4 = 266 nm)
of indole-3-acetic acid methyl ester expanded from supercritical fluid N,O at 200 atm and
40°C. The base peak is the molecular ion, M™ (m/z = 219 y). If the gate of a gated integrator
monitors the M ™ peak as a function of wavelength, a mass-selected wavelength spectrum is
observed as shown in Fig. 2a. The wavelength spectrum can be used as a unique fingerprint
with which to identify indole-3-acetic acid methyl ester from other compounds which have
the same molecular weight and a similar fragmentation pattern.

Indole-3-acetic acid and its ethyl ester are important plant hormones. However, they
were chosen for study specifically because some spectrosocpic information is available on
these and related compounds and they absorb in a region easily accessible to our tunable dye
laser. It should be noted that BenrsoN et al. [18] were able to obtain a laser induced
fluorescence spectrum of indole-3-acetic acid at 120~150°C and 550 torr of He carrier withan
origin band at 293.74 nm. We were unable to locate this band for the methyl ester or the
original compound using R2PI by heating the sample into the beam. Levy et al. have
correctly obtained the indole acetic acid origin at 285.40 nm and have observed multiple
geometric conformers of the origin band [19]. The original spectrum reported by BEHRsON et
al. may very well have been due to decomposition or rearrangement products thus
demonstrating the utility of using a lower temperature provided by derivatization with
supercritical fluid injection. It should be noted that even the methyl ester cannot be observed
using 1 atm Ar carrier gas expansions at a temperature lower than ~ 70-80°C. The
derivatization process changes the absorption spectrum of the original molecule and also the
ionization potential. Since the attached group is away from the benzene ring one would not
expect the basic 7—x* transition to be altered greatly. However, the ability to obtain sharp
spectral features cannot be assumed a priori since the addition of the derivatized group may
open up rotational degrees of freedom that prevent full cooling [20, 217. Nevertheless, we do
observe structured features in this region of the indole-3-acetic methyl ester spectrum which
is comparable to that observed by LEevy et al. [19] in the case of N-acetyl-tryptophanethyl
ester in the same spectral region at 160°C. The spectral region between 279-284 nm was
chosen for examination since it represents the peak of a strong laser dye output (Rhodamine
590 and 575) which can be used to obtain excellent signal to noise. The spectrum appears
structured but not highly resolved in the region which appears to consist of a large number of
combination bands which are multiplied by the many structural conformers of these indole
compounds. The origin bands of these related indole analogs are located in the region
between 285~287 nm and have been shown to consist of multiple peaks corresponding to the
origin transitions of several different geometrical conformers [ 19]. The spectra are thus more



676 Ho MING PANG et al.

a. g
on-toom,
indiols - 3- goetic ocid
ity enter
200 otm N0
40°C
i
3
v
Z
S
4
N
8
285 2;4 ZJGS 2;2 Z;I zg') 2;9 2‘?0 2‘;7 2;5 Z;S 274
WAVELENGTH (oem)
i 1 ¥ i ¥ 1 T 1 H
= -y SR A ey
"‘"\ N\i“""}
b.
0
. CHz-C~OCH,
< |
[C) N
D | indole-3-acetic acid methyl ester
-
o
=
> (M-59)*
o] 130
© e
189
i i i i 1 1 i i [}
0 10 20

TIME OF FLIGHT (us)

Fig. 2. (a) R2PI spectrum of indole-3-acetic acid methyl ester. (b) Time-of-flight mass spectrum of
indole-3-acetic acid methyl ester at 4 = 266 nm. Both (a) and (b) are expansions from a supersonic
jet of supercritical fluid N,O at a back pressure of 200 atm and 40°C.

congested than the relatively rigid molecules often studied by this technique. These
conformers can generally be resolved under the low laser intensity conditions of laser induced
fluorescence but become difficult to resolve well at the higher laser energies needed to
produce efficient R2P1I in our own studies.

Thus, simple derivatization which converts a polar R-COOH group into a less polar
R-COOCH; group can greatly enhance the solubility of these compounds in supercritical
fluids such as CO, and N,O for supersonic jet injection into mass spectrometry. This
technique allows one to use these nonpolar or slightly polar solvents that are relatively non-
toxic and easy to handle for these supercritical fluid experiments. Although more polar
solvents can be used, in practice they are generally quite toxic and corrosive and may not be
suitable for obtaining cooling in supersonic jets. Using a tunable u.v. laser source, R2PI
spectra of the derivatized compounds expanded from supercritical fluids can be obtained
with cold structured spectral features for unique identification.
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