
The  set of fr ,(u)’s can now be obtained by matrix inver- 
sion of the set of spectral arrays. Here we use the set of 
coefficients a, rI  plus a line of 1’s (corresponding to M ( u ) )  in 
the  denominator and substitute a sliding row of spectral ar-  
rays M , ( u )  in the  denominator to obtain the  set of compo- 
nent spectra. 

In addition to SO.01 cm-’ spectral registration (forcing 
the use of a laser referenced interferometer type spectrom- 
eter), and a very good S/N ratio plus a built-in computer 
(again favoring the use of Fourier systems), an array orient- 
ed software is required to make this procedure convenient. 
( T o  the author’s best knowledge, these requirements are 
met only by the  Digilab FTS spectrometers). 

The procedure used would then typically be: 1) The sam- 
ple‘s spectrum is measured, the  mixture left to evaporate 
for a while, and the measurement repeated. 2) The  spectra 
are array ratioed, t he  number of flat regions of different 
height counted ( N ) ,  and their height measured ( u n ) .  3) As- 
suming .V = 2. one obtains the pure component spectra via 
the operations 

1 a2 
f I ( U )  = Ml(Ui ____ - M ( u )  - 

U I  - a >  a1 - a2 

1 a1 
f ? ( V )  = M , ( v ,  - - M ( u )  - 

a2 - a1 a2 - a1 

and plots them under automatic scale expansion to avoid 

scaling trail and errors. 
This procedure for “unmixing” the spectra of mixtures 

requires enough memory space to store a minimum of N + 
1 spectra and a signalhoise ratio D K N  times higher than 
desired in the  final spectrum of the components, where D is 
the  dynamic range between the absorption of the  compo- 
nent and tha t  of the mixture a t  the frequency for which the  
noise is specified (first-order approximation). 

To experimentally demonstrate the  procedure, a tolu- 
ene-cyclohexane-hexane mixture was used. Figure 1 shows 
the  separate reference spectra of the components, and Fig- 
ure 2 that of their mixture. Figure 3 shows the ratio of the 
absorbances of this and another one where the more vola- 
tile constituents have become depleted, with only the  flat 
regions shown. The  insert shows in more detail the appear- 
ance of the complete plot and that of one such flat region. 

The  end result of the  procedure described here shows the  
three separate spectra obtained for the components, Figure 
4. Minor cross-contamination is evident in the  spectra, bu t  
the  components could readily be identified through them. 
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Identification of Characteristic Chromophores in Gas-Phase 
Ions by Photodissociation Spectroscopy 

Robert C. Dunbar 

Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44 706 

Photodissociation spectra are shown for parent ions of a 
number of hydrocarbons containing various patterns of un- 
saturation, and it is shown that the spectra are highly char- 
acteristic of structural features. Classes of ions readily 
identified include saturated hydrocarbons, compounds con- 
taining single (or isolated) double bonds, conjugated 
dienes, and benzene derivatives. Spectral differences aris- 
ing from substituents and cyclic geometry are smaller but 
still significant. For all except the saturated hydrocarbon 
ions, the spectra are well understood in terms of previous 
theoretical work on r -* R* transitions in radical ions. 

Optical spectroscopic approaches to characterizing gas- 
phase ionic species, of which the  new technique known as 
ion photodissociation spectroscopy is notable, are inter- 
esting in their potential applicability to analytical prob- 
lems. Photodissociation spectroscopy has the extremely low 
sample-quantity requirements and the automatic discrimi- 
nation of components of mixtures which are common to 
mass spectrometric analytical methods; a t  the same time, it 
possesses the cardinal advantage of optical spectroscopic 
analysis in that the spectra are characteristic of the optical 
chromophores of the molecule. and therefore of its chemi- 
cal structure. This approach thus unites attractive features 

of mass spectrometry and optical spectroscopy in a way 
which may be complementary to  both. The  actual instru- 
mental capability for achieving this is very recent, and it is 
the  purpose here to describe the principles and techniques 
involved, and to illustrate with some examples the  kinds of 
analytically useful information which are now available. 

Direct determination of the optical spectrum of a gas- 
phase cation by observing its absorption spect,rum is a 
straightforward and obvious approach, but, in practice, the  
difficulty of building u p  a usable concentration of gas- 
phase ions has restricted such measurements t o  a handful 
of very simple ionic species ( I ,  2 ) .  However, it  has been in- 
creasingly recognized tha t  a more indirect, and more trac- 
table, approach to this problem through ion photodissocia- 
tion gives spectra which are for many purposes equivalent 
to direct absorption spectra (3-10). The  principle involved 
is that  the dissociation of an ion by photon absorption, 
which can be readily observed, necessarily implies tha t  the 
photon wavelength corresponds to an optical absorption of 
the  ion. Thus the  wavelength dependence of photodissocia- 
tion is expected to show peaks corresponding to some or all 
of the allowed optical transitions, and this expectation is 
borne out in practice in a very satisfactory way. 

Numerous other approaches have been described to the 
problem of identifying and distinguishing gas-phase ions in 
a more selective and powerful way than inspection of 70-eV 
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fragmentation patterns. Among those which have attracted 
recent attention are appearance potential measurements, 
gas-chromatographic pre-separation, collisional activation, 
metastable peaks, and selective ion-molecule reactions. 
The  technique described here seems potentially attractive 
as a capability complementary to one or more of these 
other approaches; in particular, as an ICR technique, i t  
would be fully compatible with and complementary to an  
analytical ICR facility based on high-resolution Fourier- 
transform ICR ( I 1  ) with selective ion-molecule reaction 
capabilities (12). (See Ref. 12 for one of numerous illustra- 
tions of the possibilites of ion discrimination by reactivity.) 

EXPERIMENTAL 
While other methods have been described, the techniques of ion 

cyclotron resonance (ICR) have dominated the study of ion photo- 
dissociation processes (13). The techniques of ICR spectroscopy 
have often been described and are widely known (14-16). For the 
present purpose, it is chiefly important that ,  under conditions 
where the trapping voltage and magnetic field are substantial and 
drift voltages are appropriate. the ICR cell functions as  a very effi- 
cient ion trap. This phenomenon has been used in several geome- 
tries. all of which end up trapping ions for times very long com- 
pared with their rate of collision with neutral molecules; in our ex- 
periments, trapping times of several seconds to  several minutes are 
normally used a t  pressures of the  order of 3 X Torr. The  mar-  
ginal oscillator detector of the ICR spectrometer monitors the rela- 
tive abundance of the different ion masses, and, in particular, 
when light shines into the cell. the  detector shows and measures 
the  decrease in abundance of the parent ion and the increase in 
abundance of the photodissociation products. The  photodissocia- 
t ion spectrum of a given ion is the spectrum obtained as a function 
of light wavelength by measuring the  decrease in parent-ion ICR 
signal due to photodissociation as the wavelength of the irradiating 
light varies. 

Although pulsed modes of operation have been used and have 
attractive features (17, 18) we have found it convenient to  obtain 
spectra in a steady-state mode, in which ion production in the 
source is continuous and ions are observed continuously with a low 
rf level in the analyzer; presence of the rf observing field is found 
to have little effect on ion trapping times. Solution of the steady- 
state equations involving ion production. loss. and photodissocia- 
tion indicate that  the quantity W = (10 - [ ) / I ,  where I is the par- 
ent  ion signal in the presence of  light and Io  is the signal in the  
dark, is an appropriate measure of photodissociation rate ( 4 ) .  W is 
directly proportional to light intensity and also directly propor- 
tional to the ion trapping time, which is measured for each ion ex- 
amined. Using measurements of the relative photon flux as a func- 
tion of wavelength, and of the trapping time of each ion, the W’s 
measured can be converted to  relative cross sections for photodis- 
sociation; reference to a known standard (toluene cation in our 
work) then gives absolute photodissociation cross sections vs. 
wavelength, and this is the form in which data  will be presented. 

The  ionizing electron energy is always kept as low as  practicable, 
usually about 1-2 eV above the reported appearance potential of 
the  parent ion. In a typical experiment without special precau- 
tions, an amount of sample of the  order of 10-7-10-E g is con- 
sumed, nearly all of which is pumped away by the ion pump. With 
special precautions against contamination, much slower pump 
rates allow much lower sample consumption. .4 Hg/Xe arc is used 
as  the light source, and the wavelength is selected with a mono- 
chromator (200-600 nm. 13-nm bandwidth) or  interference filters 
(400-810 nm. 10-nm bandwidth). Data come from the spectrome- 
ter as shown in Figure 1 for a portion of the 2,5-dimethy1-2,4-hexa- 
diene cation spectrum. Correction for light intensity and trapping 
time and reference to the standard ( the cross section for C;Hsf a t  
400 nm is taken (19)  as 5.2 X cm2) gives spectra such as 
those shown in Figures 2-5. 

RESULTS AND DISCUSSION 
Photodissociation spectra were measured for representa- 

tives of several classes of hydrocarbons: acyclic olefins (Fig- 
ure 2),  acyclic dienes (Figure 3 ) ,  cyclic olefins (Figure 4) ,  
and C g  saturated hydrocarbons (Figure 5 ) .  In general, the 
reported absolute values of the cross sections are probably 
good within a factor of two, higher accuracy being unneces- 

I 330 ’ 
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Figure 1. Typical data showing a small portion of the C8HI4+ photo- 
dissociation spectrum. 

Following the recorder trace from left to right: initially the electron beam is 
off and the marginal oscillator detector puts out its baseline level. The beam 
is turned on, and the level rises to the steady-state C8H14+ signal level. The 
decrease in steady-state CeH14+ signal is then determined for several wave- 
lengths. Finally, the beam is turned off, and the rate of decay back to the 
baseline gives the ion residence time in the cell 
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Figure 2. Photodissociation spectra of parent cations of several 
acyclic olefins 
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Figure 3. Photodissociation spectra of acyclic diene parent ions 

sary for the kind of qualitative comparison contemplated 
here. I t  should be stressed that what is obtained is a cross 
section for  photodissociation; however, it may be illumi- 
nating to compare the numbers obtained with absorption 
data. For this purpose, there is indicated on the figures the 
values of molar absorptivity t which would correspond to 
the observed cross sections if the photodissociation and ab- 
sorption spectra were equivalent. Since the  photodissocia- 
tion cross section must always be less than or equal to the 
optical absorption cross section, these 6 values are in fact 
lower limits to the true ion absorptivities. 
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Figure 4. Photodissociation spectra of cycl ic olefin parent ions 

Most notable is the similarity between the spectra of ions 
containing similar chromophoric groups, and the dissimila- 
rity of the spectra of the different classes of ions. The alk- 
enes photodissociate only very weakly in the visible, but 
rise gradually to very strong peaks above 36 000 cm-l. The 
conjugated dienes show a well defined peak of moderate in- 
tensity in the visible and a very strong peak around 30 000 
cm-' (in fact, the cross section measured for 2,5-dimethyl- 
2,4-hexadiene cation a t  28000 cm-' is by far the largest 
photodissociation cross section yet measured). The  two Cg 
saturated hydrocarbons have strikingly similar double- 
peaked spectra in the visible and no observed uv peaks. 
The cyclic compounds show spectra which are entirely con- 
sistent with the spectra of their acyclic analogs, (with, for 
the unsaturated compounds, some evidence for a red shift 
of the photodissociation peak). For the unsaturated 
species, our theoretical understanding of these spectra is on 
a satisfactory basis, and this is discussed in the Appendix. 

CONCLUSION 
In terms of analytical utility, photodissociation would 

seem to have the possibility of immediate identification of 
certain characteristic functional groups in the ions com- 
prising the mass spectrum of a complex compound: ob- 
viously, the capability illustrated here for the parent ion is 
applicable as well to  fragment ions. There are two cases in 
the present set of spectra which illustrate well the potential 
for distinguishing isomeric structures which are difficult to 
distinguish on the basis of mass spectral fragmentation 
alone. One case is the contrast of the cyclohexane and hex- 
ene cation spectra, which are highly characteristic of their 
respective structural types, and show no evidence of inter- 
conversion of the isomers following ionization. The other 
case is the three isomeric ions of cyclooctene, 1.7-octadiene, 
and 2,5-dimethyl-2,4-hexadiene. The conjugated diene 
spectrum is totally distinct from the other two spectra; the 
positions of the peaks in the two isomers containing isolat- 
ed double bonds are similar, although there is an observ- 
able red shift in the cyclic species, and with refinement of 
the instrument in the far uv, such differences could be uti- 
lized in an analytical context. 

APPENDIX 
Theore t ica l  I n t e r p r e t a t i o n  of Radica l  Cat ion Photodisso-  

c ia t ion  Spec t ra .  The  discussion in the text is pu t  on a phe- 
nomenological basis, and indeed i t  seems likely tha t  much of the 
analytical usefulness of photodissociation spectra will be based on 
matching spectra of an unknown ion with a previously character- 
ized species. However, for all of the ions considered except the sat-  
urated species, the interpretation of the positions of the peaks 
(and perhaps their intensities) can be put  on a solid footing, as 

42 38 3 4  30 2 6  2 2  8 
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Figure 5. Photodissociation spectra of two saturated hydrocarbon 
parent ions 
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Figure 6. Typical photodissociation spectra for each of the classes 
of radical ions for which systematic data now exist 

These spectral patterns and intensities can be substantially affected by sub- 
stituents and cyclization, as is evident in Figures 2-5 

briefly discussed below. 
In all of the unsaturated ions, the ion ground state is a x state 

corresponding to  removal of an  electron from the highest occupied 
orbital, which is always a x orbital. Since there is no reason to sus- 
pect tha t  x - u* transitions will have intensities comparable to x - x*  transitions, it is appropriate to apply to  these ions the well 
developed theoretical understanding of x - x* spectra in radicals. 
For the ions containing only isolated double bonds, this is straight- 
forward, since only one x - x*  transition is possible in an isolated 
two-center, singly-occupied x orbital. In the neutral alkenes, the 
corresponding transition occurs above 50 000 cm-'. In the cation, 
the photodissociation spectra indicate a single very broad, fairly 
intense absorption in the uv; in those cases where the data  extend 
beyond the peak wavelength. the peak is in the vicinity of 37 000 
cm-'; while in the other cases, the peak is an  unknown higher en- 
ergy. (The spectra do not suggest a peak above 50 000 cm-' for any 
of the ions.) The  very substanial red shift of the peak wavelength 
in going from the neutral alkenes (A,,, near 60 000 cm-l) to  the 
radical cations is entirely in accord with theoretical expectation: in 
a Huckel-type calculation (20) for the parent ethylene system, the 
transition energy in the cation is 28 (47 000 cm-'1, while configu- 
ration interaction and electron repulsion raises this value to  61 000 
cm-' in the neutral molecule. Thus,  qualitatively, i t  is expected 
that  the alkene radical cations should have A,,, below 50000 
cm-'; the quantitative aspects of substituent effects and the ef- 
fects of cyclic constraints remain to  be investigated. 

In the more extended radical-ion x systems, transitions of sever- 
al types are possible. Following the terminology of Shida and Iwata 
( P I ) ,  the  transitions which promote an electron from a filled orbit- 
al into the highest occupied orbital (half-filled in the ground-state 
ion) are denoted I transitions; these have no counterpart in the 
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netural molecule. The  transition promoting the  single electron 
from the half-filled orbital to the lowest empty orbital is the  A 
transition, and is analogous to  the lowest-energy transition in the 
neutral. T h e  remaining transitions involve several types of excited 
state configuration, and are all classed as  B transitions; they lie a t  
energies too high to he of concern here. 

The  conjugated dienes are expected to exhibit two peaks, corre- 
sponding to the lone I transition (in the visible), and the A transi- 
tion (in the uv) (21, 22). (Note tha t  within the *-electron approxi- 
mation methods, the radical anion and the radical cation of alter- 
nant  hydrocarbons should have identical spectra by the well 
known "pairing theorem.") As has been discussed in detail ( 8 ) ,  the  
observed spectrum of butadiene cation agrees excellently with cal- 
culation in the position of these two bands. It is apparent from 
Figures 3 and 4 tha t  substituents (and possible cyclic constraints) 
have a substantial effect on the peak positions, and again these ef- 
fects remain to be studied in detail. Calculation on the conjugated 
diene system suggests tha t  the uv peak should he substantially 
more intense than the visible peak (21, 2 2 ) ,  and while this is not 
true for butadiene cation, it is obviously true for the substituted 
butadiene ions. While it has been seen tha t  the  intensities of pho- 
todissociation peaks need not correlate with absorption intensities 
this observation offers some slight encouragement in thinking tha t  
the observed intensities may be qualitatively meaningful. 

I t  is known tha t  saturated hydrocarbons with several carbons 
have a multitude of occupied molecular orbitals within a few eV of 
the  highest occupied orbital (23): since all of these can give rise to 
I-type transitions in the cation, with no immediately apparent se- 
lection rules, the interpretation of spectra such as  those in Figure 6 
is likely to be a difficult task. The  spectra are included here to i l -  
lustrate the possibly surprising fact that  the saturated hydrocar- 
bon cations are quite strongly colored. 

T h e  two peaks in the spectra of benzene cation derivatives arise 
again from the lowest I transition (visible) and the A transition 
(uv; this degenerate configuration splits to give several predicted 
peaks, of which only the lowest is observed in this work.) These 
spectra agree very well with calculations, as has been discussed in 
detail for toluene cation (8). 

ACKNOWLEDGMENT 
The author is grateful to Peter Armentrout for obtaining 

several of the spectra shown. 

LITERATURE CITED 
(1) H.  Lew and I .  Heiber. J. Chem. Phys., 58, 1246 (1973). 
(2) G. Herzberg. 0. Rev., Chem. SOC., 25, 201 (1971). 
(3) R. C. Dunbar and E. Fu, J. Am. Chem. SOC., 95, 2716 (1973). 
(4) R. C. Dunbar, J. Am. Chem. Soc., 95, 6191 (1973). 
(5) P. P. Dymerski. E. Fu,  and R. C. Dunbar. J.Am. Chem. SOC., 96, 4109 

(6) R. C. Dunbar. in "Ion-Molecule Interactions", P. Ausloos, Ed., Plenum 

(7) M .  T. Riggin and R. C. Dunbar, Chem. Phys. Lett., in press. 
(8) R. C. Dunbar, Chem. Phys., Lett., 32, 508 (1975). 
(9) E. Fu, P. P. Dymerski, and R. C. Dunbar, J. Am. Chem. SOC., in press. 

(10) B. S. Freiser and J. L. Beauchamp, J. Am. Chem. SOC., 96, 6260 

(1 1) M. Comisarow and A. G. Marshall, Chem. Phys. Lett., 25, 282 (1974). 
(12) R. H.  Staley, R .  R. Corderman, M. S. Foster and J. L. Beauchamp, J. 

(13) R. C. Dunbar, J. Am. Chem. SOC., 93, 4354 (1971). 
(14) J. D. Baldeschwieler and S. S. Woodgate, Acc. Chem. Res., 4, 114 

(15) J. L. Beauchamp, Ann.  Rev. Phys., Chem., 22, 527 (1971). 
(16) R.  C. Dunbar, in "Chemical Reactivity and Reaction Paths", G. Klop- 

man, Ed. ,  Wiley-lnterscience, New York, 1974. 
(17) T.  B. McMahon and J. L. Beauchamp, Rev. Sci. Instrum., 43, 509 

(1972). 
(18) R.  T. Mclver and R. C. Dunbar, "Pulsed Ion Cyclotron Double Reso- 

nance for the Study of Ion-Molecule Reactions", Int. J. Mass Spectrom. 
Ion Phys., 7, 471 (1971). 

(19) R. C. Dunbar, to be published. 
(20) K .  B. Wiberg, "Physical Organic Chemistry", Wiley, New York, 1964, p 

(21) T. Shida and S. Iwata, J. Am. Chem. Soc., 95, 3473 (1973). 
(22) R.  Zahradnik and P.  Carsky, J. Phys., Chem., 74, 1235, 1240 (1970). 

Note that within the .rr-electron approximation methods, the radical 
anion and the radical cation of alternant hydrocarbons should have 
identical spectra by the well known "pairing theorem". 

(23) A .  D. Baker, D.  Betteridge, N. R .  Kemp. and R. E. Kirby, J. Mol. Struc- 
ture, 8, 75 (1971) 

(1974). 

Press, New York, 1975. 

(1974). 

Am. Chem. SOC., 96, 1260 (1974). 

(1971). 

179 f f .  

RECEIVED for review October 8, 1975. Accepted January 8, 
1976. Acknowledgment is made to the donors of the Petro- 
leum Research Fund, administered by the American Chem- 
ical Society, and to the National Science Foundation for 
partial support of this research. The  author is an Alfred P. 
Sloan Fellow, 1973-75. 

Mass Fragmentographic Assay for 1 I-Hydroxy-Ag- 
tetrahydrocannabinol from Plasma 

J. M. Rosenfeld" and V. Y. Taguchi 

Department of Pathology, McMaster University, Hamilton, Ontario, Canada 

A mass spectrometric assay for 1 l-hydroxy-A9-tetrahydro- 
cannabinol is presented. It is sensitive to 3 ng/ml of plasma 
and has a relative standard deviation of 4 % .  The technique 
relies on the derivatization of the phenol moiety by extrac- 
tive alkylation. This reaction is novel to the cannabinoid se- 
ries. Since all cannabinoids are phenols, this procedure 
may have wide utility. It was possible to monitor 11-OH- 
A9-THC in dog plasma for 2 h after its administration. How- 
ever, no 11-OH-A9-THC was detected in dog plasma after 
oral or intravenous administration of AS-THC. 

The understanding of cannabis pharmacology is difficult 
because of the unresolved question of the existence and/or 
the nature of an active metabolite. A metabolite proposed 
to be active is ll-hydr0xy-1~-tetrahydrocannabinol (11- 

OH-A9-THC) ( I ) .  The elucidation of the biochemical phar- 
macology of a drug has been predicated upon the availabili- 
ty of assays capable of measuring the drug in plasma and/ 
or serum (2, 3) .  Assays based on mass fragmentography for 
Ag-tetrahydrocannabinol ( 19-THC) have been reported by 
Agurell et  al. ( 4 )  and Rosenfeld e t  al. ( 5 )  These were found 
to be sufficiently sensitive for use in pharmacokinetics in 
human studies. T o  date, there has been no reported mass 
fragmentographic assay for 1 l-OH-19-THC. 

The mass fragmentographic assays reported for A9-THC 
differed in the methodology of the incorporation of deute- 
rium for use as an internal standard as well as in the ex- 
traction procedure. Agurell synthesized A9-THC labeled a t  
the l', 2' positions and used an LH-20 column to purify the  
sample, The McMaster group utilized I-0-perdeuter- 
i0methyl-1~-tetrahydrocannabinol (1-OCDI-A9-THC) and 
derivatized their extract using N,N,N-  trimethyl anilinium 
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