
are identical to Fiberfrax (long-staple 
fines) ,(Carborundum Co.). Also found 
were fibers of almost pure silica, likely 
diatom spicules, irregular silica (diatom) 
fragments, and irregular fragments high 
in calcium (calcium oxalate phases from 
the natural tobacco leaf). 

The temperatures at which cigars 
burn during smoking were measured to 
determine the degree of opal devitrifi- 
cation and particle size reduction in the 
cigar flame. A Chromel-Alumel ther- 
mocouple was inserted 1.5 cm from the 
end of the cigar, and the signal ob- 
tained during burning was fed into the 
X-input (temperature) axis of the XY 
recorder of a differential thermal ana- 
lyzer system. Volunteers puffed cigars, 
reproducing "normal" smoking condi- 
tions. The cigars burned at high tem- 
peratures, 690? ? 30?C, and two cigars 
were observed to burn at 800?C. Com- 
pared with the published data (1), 
these values are low, but the nature of 
the thermocouple design and the re- 
cording instrument suggests that they 
are reasonably accurate. Examination 
by light and electron microscopy of 
ash obtained at the same temperatures 
by muffle furnace heating shows that 
the ceramic fibers tend to fracture into 
shorter fibers and that most diatoms 
fragmentize into fine, mottled particles. 
Electron diffraction study of the latter 
fragments indicates that high (beta) 
cristobalite is the predominant crystal- 
line phase, associated with minor tri- 
dymite. Whole diatoms have not been 
observed to survive the burn intact. 
We have examined ash residues of 
tobacco sheets by x-ray diffractometry 
and have observed a discernible high 
cristobalite peak at 4.2 A. It is likely 
that the cristobalite phase is naturally 
present but is enhanced by cigar burn- 
ing. 

Cigar smoke was also examined for 
disintegrated crystalline particles. Sev- 
eral representative cigars were "smoked" 
through a Casella air sampler and the 
smoke trapped on Millipore AA mem- 
brane filters. We also drew cigar smoke 
into an electrostatic precipitator and 
collected particles on an electron mi- 
croscope grid. The membrane filters 
were prepared for electron microscopy 
by dissolving with acetone vapor. Ex- 
amination of the membrane filters by 
light microscopy demonstrated the pres- 
ence of fibrous particles that were 
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appeared to be identical with the mot- 
tled diatom fragments observed after 
high-temperature ashing. Electron dif- 
fraction patterns obtained from these 
fragments indicate that they are, in 
part, high cristobalite (Fig. 3, insert). 
Although quantitation was not at- 
tempted, the number of these particles 
observed in the smoke appears to be 
small. The biological effects that might 
be associated with the inhalation of 
these particles has not been studied. 
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We report some dynamic data for 
the reversible uptake of molecular oxy- 
gen by a groupl of isoelectronic and 
isostructural metal complexes in solu- 
tion (Eqs. 1-3 and Table 1), and a 
correlation of these results with the 
electronic and structural properties of 
the oxygen-carrying compounds (Figs. 
1 and 2). While the rates of oxygena- 
tion of a number of transition metal 
complexes have been widely studied in 
recent years (1-4), direct measure- 
ments of deoxygenation (k_l in Eqs. 1 
and 2 and Table 1) of monomeric 
M-02 species, and the resulting thermo- 
dynamic parameters, do not seem to 
have been reported previously. 

k2 
trans-[IrA(CO) (Ph3P)2] + 02 O= 

k-1 

[O2IrA(CO) (Ph3P)2] (1) 

A is a univalent anionic ligand (Table 
1); Ph3P is (C6H5)3P (triphenyl- 
phosphine) 
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Our work is based on a simple oxy- 
gen-carrying synthetic system [(5), lig- 
and A is Cl in Eq. 1] which has re- 
awakened interest in this class of 
compounds and led to widespread cur- 
rent research in the field. Significant 
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Fig. 1. Free energy of activation (AGa* = 
AH2* - T AS?*) for the oxygenation of 
[IrA(CO)(Ph3P)2] (Eq. 1; Table 1) as a 
function of the electronic excitation energy 
(E1) corresponding to an absorption band 
in the visible spectrum of [IrA(CO) 
(Ph3P2)] (11) in benzene solution; ligands 
are F, Cl, Br, and I. 
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Oxygen-Carrying Iridium Complexes: 

Kinetics, Mechanism, and Thermodynamics 

Abstract. The rates of oxygenation and deoxygenation of a series of iridium 
complexes increase and decrease, respectively, with increasing electron-releasing 
tendency of the anionic ligands (A) attached to the metal atom in the oxygen- 
carrying compounds, [IrA(CO)(Ph3P)2]. Calculated heats of oxygenation (-AH2?), 
related to Ir-02 bond energies, are proportional to the previously reported 0-0 
bond lengths in the oxygen adducts, [02OrA(CO)(Ph3P)j]. 

Oxygen-Carrying Iridium Complexes: 

Kinetics, Mechanism, and Thermodynamics 

Abstract. The rates of oxygenation and deoxygenation of a series of iridium 
complexes increase and decrease, respectively, with increasing electron-releasing 
tendency of the anionic ligands (A) attached to the metal atom in the oxygen- 
carrying compounds, [IrA(CO)(Ph3P)2]. Calculated heats of oxygenation (-AH2?), 
related to Ir-02 bond energies, are proportional to the previously reported 0-0 
bond lengths in the oxygen adducts, [02OrA(CO)(Ph3P)j]. 



Table 1. Kinetic (k, and k_l in Eqs. 1 and 2), equilibrium (K2 in Eq. 3), and activation 
enthalpy (AH2*, AH-1*) and entropy (AS2*, AzS_*) data for the reversible oxygenation of 
some iridium complexes in chlorobenzene solution at 40?C as a function of the anionic ligand 
A in the oxygen-carrying complexes [IrA(CO)(Ph3P)2]. Subscript 2 refers to the second-order 
oxygenation reaction, subscript - 1 to the first-order deoxygenation reaction (Eq. 1) (24, 25). 

Complex 102 k 106 k_l 10-3 K2 AH2* AH* A52* As-.1* 
A (sec-l M-1) (sec-1) (M-1) (kcal) (kcal) (eu) (eu) 

Ft 1.48 50.9 0.291 13.6 23.7 - 24 - 0.5 
NCO 2.99 90.2 0.331 11.1 21.0 - 30 - 10 
OClOt0 6.96 4.01 - 50 
N3 7.33 13.1 5.60 9.57 26.2 - 33 3 
Cl 10.1 13.8 7.32 9.50. 26.5 - 33 4 
Br 20.6 3.32 62.0 8.42 28.8 - 35 8 
ONO2t 36.3 5.50 - 43 
I 72.3 0.84 857 5.76 29.0 - 41 6 
NO2t 172 3.48 - 46 

t Data for reactions carried out in benzene (F, and apparently OC10, ONO2, and NO2, react with 
chlorobenzene). Because of the relatively high vapor pressure of benzene, the results of the de- 
oxygenation reactions (24) are of uncertain significance and are given only for F, for comparison. 
The data for OC10 and NO2 represent preliminary results. 

recent advances include the structural 
studies by Ibers et al. (6-8) of some 
of the oxygenated complexes cited here 

(Fig. 2), and new investigations of 
numerous oxygen complexes of cobalt 
[reviewed by Wilkins (2)] and some 
of iron (3, 9). 

The reactions (Eq. 1) reported here 
obey the simple rate law given in Eq. 2. 
The velocity of oxygen uptake (k2, 
Table 1) is strongly dependent on the 
anionic ligand A, in agreement with 
earlier data for Cl, Br, and I (4) and 
with observations on related addition 
reactions; that is, the reaction rate is 

proportional Ito ithe basicity of the 
metal complex, which is a function of 
the electron-donating properties of the 
ligands (10). A new correlation, given 
in Fig. 1, shows that the free energy of 
activation (AG2*) for oxygenation in- 
creases with increasing energy of elec- 
tronic transitions in the four halogeno 
complexes (11, 12). The latter may be 
related to the ligand field stabilization 
energy 'of these planar d8 species. The 

(A) (B) 
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rates of deoxygenation (k_,) are also 
strongly dependent on the halide or 
pseudo-halide ligand, but in the reverse 
order, with the result that the calcu- 
lated stability constants (K2, Eq. 3) 
for the six oxygen adducts span more 
than three orders of magnitude. 

As is expected for simple addition 
reactions, the entropy changes for oxy- 
genation, ASo2 (13), are highly nega- 
tive (for example, -37 eu for Cl). The 
entropies of activation (AS2*) are also 
negative [see (4)] and their magni- 
tudes are close to those of AS2?, which 
implies thalt the transition state con- 
figurations resemble the structures of 
the oxygen adducts (5-7). 

The oxygenation reactions are exo- 
thermic [AH20's are negative (13)] 
(14), and the calculated enthalpy 
changes, ranging from --10 for F to 
-23 kcal mole-l for I, are relatively 
close to those found for the oxygena- 
tion of myoglobin (16) and other 
hemoproteins (17). It should be point- 
ed out, however, that although the 

Fig. 2. A correlation be- 
tween the enthalpy, AHl20 
(Cl, ? 0.2; Br, ?+ 0.8; I, -- 
2.8) (13), for the oxygena- 
tion of [IrA(CO)(Ph3P)2] 
(Eq. 1; Table 1) and (A) 
the electronegativity [xA 

40 m (20)] of the anionic ligand 
o A in the oxygen-carrying 

3.5 3 complexes, -1-; ligands F, 
NCO, N3, C1, Br, and I; 

o and (B) the 0-0 distance 3.0 < 3 : in [O2IrA(CO)(Ph3P)2], 
-0-; ligands Cl [1.30 A 

- 2.5 (6)], Br [1.36 A (23)], and 
I [1.51 A (7)]. The point 
(02) corresponds to the 
0-0 distance (1.21 A in 
molecular oxygen and AHz? 
= 0. 

stability constants for some of our oxy- 
gen adducts (for example, Br) are also 
in the same range as those for the bio- 
logical oxygen carriers, the kinetics of 
the two systems are vastly different (17). 

The enthalpy values (AH2?), in con- 
junction with the reported 0-0 bond 
lengths in [O2IrA(CO)(Ph3P)2] (6, 7), 
may be used to roughly estimate the 
Ir-O2 dissociation energies in the chloro 
and iodo compounds (18, 19). The re- 
sults are about 80 for Cl and 97 kcal 
mole-1 for I, or one-half of these 
values for each Ir-O "single" bond 
(15). Figure 2 shows a correlation be- 
tween the heats of formation of the 
oxygen adducts and (A) the electroneg- 
ativity, XA (20), of the anionic ligand 
A, and (B) the 0-0 distance in the co- 
ordinated 02 moiety. The latter curve 
(B) appears to demonstrate that inte- 
gral oxidation states of the metal in 
[OJIrA(CO) (Ph3P)2], or a classifica- 
tion of these complexes as superoxo 
(C1), peroxo (I), and so on, species 
may not represent the best description 
of the electronic interactions involved, 
but that there seems to be a gradual 
electron transfer from the metal to 02, 
proportional to 'the basicity of the com- 
plex (21). Curve A illustrates that the 
reversible oxygenation of these synthe- 
tic complexes can best be regarded as 
acid (02)-base (metal complex) inter- 
actions (21, 22). 
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Deoxygenation was followed in deoxygenated 
solutions of 10-4M [O,IrA(CO)(Ph3P),] (con- 
stant Po., - 0 mm Hg). The reaction (k_,) was 
first order in the complex. The activation pa- 
rameters have been calculated from the kinetic 
constants determined at 15? to 60?C. Maxi- 
mum standard deviations are, for k.,, k_, and 
K.,, - 2 percent; for AH.,* and AH_ *, ? 1 
kcal (except AH 1*, ? 2.6 kcal for I); for 
AS.,*, - 4 eu; for AS_*, 

- 1.5 eu. 
25. Some of these reactions (Cl, Br, I) have also 

been studied by infrared spectrophotometric 
(26) and volumetric [(4), oxygenation only] 
methods. The results for oxygenation (4, 26) 
agree, in general, with those given here, but 
the data for deoxygenation (26) differ from 
and appear to be less reliable than the pres- 
ent results. 
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Marihuana: Standardized Smoke Administration and 

Dose Effect Curves on Heart Rate in Humans 

Abstract. A spirometer was used to deliver marihuana and placebo smoke to 
human subjects. This procedure produced linear dose-effect curves on heart rate 
and replicable dose effects in individual subjects. No differences were observed 
between experienced and inexperienced smokers in responsiveness to heart rate 

Marihuana: Standardized Smoke Administration and 

Dose Effect Curves on Heart Rate in Humans 

Abstract. A spirometer was used to deliver marihuana and placebo smoke to 
human subjects. This procedure produced linear dose-effect curves on heart rate 
and replicable dose effects in individual subjects. No differences were observed 
between experienced and inexperienced smokers in responsiveness to heart rate 
increases produced by marihuana. 

Marihuana research in humans has 
been difficult to evaluate because of 
conflicting results (1). A major prob- 
lem complicating the comparability 
and replicability of studies has been 
the lack of a standard way of admin- 
istering doses of marihuana (2, 3). 
Smoking marihuana cigarettes intro- 
duces at least two major sources of 
error: first, considerable and indeter- 
minable amounts of smoke are lost to 
the air, and second, there is no way of 
determining the actual amount of smoke 
inhaled by the subject. Giving mari- 
huana orally carries no assurance that 
the same substances pharmacologically 
active in smoke are being administered 
(2). 

In an effort to overcome these prob- 
lems, we have developed a system to 
deliver a measured quantity of smoke 
to a subject. Using change in heart 
rate as the measured effect, we investi- 
gated various dosages of marihuana to 
determine the efficiency of this delivery 
system. 
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Ten subjects were used, four inex- 
perienced with marihuana, and six ex- 
perienced smokers. An experienced 
smoker is defined as one who is cur- 
rently engaged in smoking marihuana 
at least once a week. Three of the in- 
experienced subjects had never had any 
contact with marihuana before, and one 
had smoked marihuana three times 6 
months before. All subjects were ex- 
perienced tobacco smokers. 

The subjects were all males. Nine 
were between 24 and 30 years of age, 
and one inexperienced smoker was 45. 

-They were all judged to be in good 
health on the basis of routine medical 
history, physical examination, complete 
blood count, urinalysis, chest x-ray, 
and psychiatric examination. 

All subjects were advised of the na- 
ture of the experiment and that both 
marihuana and placebo would be ad- 
ministered to them. They were also ad- 
vised of the possible dangers of mari- 
huana before they signed forms con- 
senting to be subjects (4). 
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marihuana and placebo would be ad- 
ministered to them. They were also ad- 
vised of the possible dangers of mari- 
huana before they signed forms con- 
senting to be subjects (4). 

The marihuana and placebo were ob- 
tained from the National Institute of 
Mental Health. The marihuana was as- 
sayed to contain 1.5 percent A-9-tetra- 
hydrocannabinol. Placebo had been 
commercially prepared by multiple ex- 
tractions with alcohol to remove most 
of the A-9-tetrahydrocannabinol. Dos- 
ages of marihuana administered were 
the smoke from the total combustion of 
62.5 mg, 125 mg, 250 mg and 435 mg 
of marihuana. The doses of placebo 
were equivalent to those of marihuana, 
but since all produced similar reactions, 
they were combined for purposes of 
our analysis. 

The basic apparatus consists of a 12- 
liter spirometer and a machined alumi- 
num crucible or pipe attached to the 
tubing so that as the inside bell of the 
spirometer is raised, air is drawn 
through the crucible into the spirome- 
ter. When marihuana, suitably chopped 
for burning, is placed in the crucible 
and ignited while air is being drawn 
through it, all of the smoke produced 
is drawn into the apparatus. Since the 
spirometer collapses to only half its 
size, the smoke is diluted by one-half 
with air. Once combustion is complete, 
the aluminum crucible is quickly dis- 
connected, and the subject, with re- 
spiratory mask in place, is connected 
to the spirometer and inhales the smoke 
from it. Essentially, this is a closed, 
partially collapsible system which con- 
tains a fixed amount of smoke, and 
from which no smoke is lost into the 
atmosphere. The subject receives the 
same amount of smoke each time he 
empties the spirometer. The dose can 
easily be changed by varying the 
amount of marihuana burned, result- 
ing in different concentrations of the 
smoke. Placebo can be administered in 
the same fashion, insuring the possibil- 
ity of a double blind for any given 
dose. 

Other variables in administering 
smoke are the duration of inhalation 
and the interval between inhalations. 
These variables were brought under 
stimulus control by instructing the 
subject to breathe according to a series 
of four lights. (i) A "ready" light 
signals the approaching cycle for 5 
seconds. (ii) An "inhale" light comes 
on for 5 seconds, during which the 
subject inhales continuously. (iii) This 
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These variables were brought under 
stimulus control by instructing the 
subject to breathe according to a series 
of four lights. (i) A "ready" light 
signals the approaching cycle for 5 
seconds. (ii) An "inhale" light comes 
on for 5 seconds, during which the 
subject inhales continuously. (iii) This 
is followed by the "hold" light, during 
which the subject holds the smoke in 
his lungs. This has a 15-second dura- 
tion, and, during the breath-holding, 
the technician turns a valve closing the 
spirometer connection and opening the 
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