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As industrial society has bcen developed, fossil fuels
such as coal, oil, and natural gas have been increasingly
used as energy source. During the combustion of fossil fu-
els, obnoxious gases such as nitrogen oxides, sulfur oxides
and carbon oxides are produced. These gases are the main
source of air pollution. Especially, cartbon monoxide is very
toxic compound and oxidized in the atmosphere to give car-
bon dioxide which causes green house cffect or ozon de-
pletion. On the other hand, it is industially important com-
pound because it could be used as a raw material for chem-
ical syntheses. Earlier investigation showed that carbon
monoxide reacts with hydrogen atom to give CHO radical’
and Marz ef al. proved the presence of this radical by ESR
spectroscopy.” Arai ef al.*’ and Getoff et al>® have studied
the radiation induced reduction of CO in gas phase and in li-
quid phase, respectively. A problem for the reaction is,
however, to use the special y-ray device requiring various
safety equipments. To circumvent this difficulty, we have
employed photochemical method using UV light at 184.9

nm and reported the result along with the reaction mechan-
ism for the chemical reaction of aqueous carbon monoxide."
We also reported that the reactivity of CHO radical formed
in the reduction is higher in aqueous state than in hydrated
stale," and that the carbonylation can be also occurred in
the presence of other substances.*’* Ammonia generated
from decomposition of a large amount of garbage, causes
also a serious environmental pollution. Very recently, we
have described the photochemical decomposition of aque-
ous ammonia.” It was found from the study that hydrazine
was produced by the dimerization of NH, radicals. In par-
ticular, the presence of ammonia during the irradiation of
aqueous organic solution could lead to the- formation of am-
inc compounds.

In the present study, methanol was selected as a model
substance for an organic solvent and we have investigated
the possibility of carbonylation and amination, and pro-
posed the reaction mechanisms for the photochemical
transformation of carbon monoxide in aqueous methanol.



Notes

Experimental

Reagents and General. Methanol (Aldrich Chemical
Co., 99.9% A.C.S. HPLC grade) was used as received. All
other chemicals were reagent grade and used without furth-
er purification. Carbon monoxide (state to be 99% pure)
was purified by passing through an atkaline pyrogallol solu-
tion, followed by an alkaline sodium hydrosulphite solution
sensitized by the addition of sodium antraquinone B-sul-
phonate.” Aqueous methanol solution was prepared using
quadruply distilled water, which was obtained by passing
the distilled water through Barnstead (U.S.A\) Nonopure II
deionization system. In order to prepare the aqueous
methanol-ammonia mixture solution saturated with carbon
monoxide, each of the compounds was first saturated by
bubbling for about 60 minutes with carbon nonoxide. 100
mL of the freshly prepared solution was transfered into the
irradiation vessel and bubbled again with CO for about 3
minutes before the irradiation.

Irradiations were made at 25.0%£0.1 °C using low pres-
sure Hg lamp (Osram HNS 12/0z), which emmitted two
monochromatic lights of 184.9 nm and 253.7 nm. Ac-
tinometry of the lamp was described in detail in the pre-
vious work.”” The lamp intensity of 184.9 nm was found to
be 233X 10" quanta-mL “-min"' at 25.0 °C. Methanol,
ammonia, and carbon monoxide did not absorb the simul-
taneously emitted light at 253.7 nm. No change in the in-
tensity of the lamp was observed over the period of the ex-
periment, Absorbance and UV-spectrum were measured by
Uvikon model 943 spectrophotometer.

Products analysis. In order to obtain the mass spec-
tra of the products, the irradiated aqueous solution was con-
centrated using rotary vaccum evaporator. The sample was
then analyzed using Varian saturn GC-MS system (DB-5 ca-
pillary column 50 mx0.25 um EI method) [product; m/e
(rel. intensity), hexamine: 42(25), 58(10), 85(12), 111(20),
140(100); formaldehyde: 28(10), 29(100), 30(35); ethy-
leneglycol: 29(20), 31(100), 33(30), 43(10); glyoxal: 28(13),
29(100), 30(28), 31(70), 58(12); 1,i-dimethylhydrazine:
28(30), 30(30), 42(100), 45(80), 60(75); dimethylamine:
15(20), 18(35), 28(30), 44(100), 45(80); formamide: 27(12),
29(30), 45(100); ethylenediamine: 18(20), 30(100), 43(13),
60(8)]. The identifications were made by comparison of
fragmentation patterns with those of known amounts of the
pure substances. The identified products from the MS spec-
tra were reconfirmed by companson with retention times of
the separated GC peaks of the standard chemicals using a
Varian Model 3700 gas chromatography. Qualitative analy-
sis was performed by estimating the area ratio of the pro-
ducts and 1-pentanol as an internal standard. The amount of
the formaldehyde, glyoxal, and hydrazine was determ-
ined by spectrophotometric method.””™

Results and Discussion

The photolysis of the aqueous methanol-ammonia mix-
ture solution (Kueop=0.10, X amean=3X 107} saturated with
carbon monoxide at 184.9 nm yields carbonyl compounds
such as formaldehyde and glyoxal, and amine compounds
such as hydrazine, methoxyamine, hexamine, 1,1-dimethyl-
hydrazine, dimethylamine, ethylenediamine and formamide.
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Figure 1. Formation of products after irradiation of methanol-
ammonia mixture solution saturated with carbon monoxide at 25
°C (Xeow=0.10 and X ooemia=3 % 167*) as a function of the numb-
er of quanta: (m) is 1,1-dimethylhydrazine, (®) is di-
methylamine.

No product was observed during the imadiation at 253.7 nm.
The formation of two of the products obtained from the ir-
radiation of the mixture solution is representatively present-
ed in Figure 1 as a function of the number of quanta.

As shown in Figure 1, the product yields were not in-
creased in proportion to the number of quanta. Therefore,
we determined the initial quantum yields (Q), obtained
from the slope of tangent line of the curve shown in Figure
1 and they are summarized in Table 1.

In aqueous methanol-ammonia mixture solution, most of
the reactants absorb the 184.9 nm. The molar extinction
coefficient(e} of NHy,, was determined to be 15.0 M em™
at 184.9 nm and these of methanol and H,O were repori-
ed to be 70 M em™ and 32x1077 M cm™', respec-
tively.”' However, carbon monoxide does not absorb at

Table 1. Initial quantum vield (Q) of the products after ir-
radiation (A=184.9 nm) of aqueous methanol-ammonia mixture
solution (Xyeon=0.10 and X,mons=3X 10™) in the absence and
presence of CO at 25 °C

Q, When saturated with

Products

Ar Cco
Formaldehyde 1.91x 107 6.77x 10"
Ethyleneglycol 1.08x 107 2.15x10°
Glyoxal 5.19% 10" 5.52x10°
Hydrazine 6.32x10° 2.10x10°
Methoxyamine 6.02x 10° 3.44x 107
Hexamine 1.42x 10" 9.03%x 10"
1,1-dimethylhydrazine 1.20x 10" 1.05% 10°
Dimethylamine 7.53x10° 1.20x10°
Formamide 3.91x 10°¢ 1.72x 10*
Ethylenediamine <10* <10°
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184.9 nm.” From the calculation using these values, it was
found that most (about 96.5%) of the 184.9 nm was ab-
sorbed by methanol in aqueous methanol-ammenia mixture
solution  (Xneon=0-10, Xummone=3X10"*). It means that
methanol plays an important role in the imradiation of the
given concentration of the mixture solution.

Sonntag reported that the liquid phase of methanol electron-
ically excited is mainly splitted into either H and CH,OH rad-
icals (2275%) or H and CH;0 (=13%) radlcals, and CH,0
radical is converted rapidly to CH,OH radical.” The forma-
tion of formaldehyde and ethyleneglycol can be explained
by the disproportionation process and by the dimerization
process of CH,OH radical, respectively. However, CH, 0
and CH,OH radicals can also react with ammeonia in aque-
ous methanol-ammonia solution as in reaction (1} and (2).

CH,C + NHy,, — NH, + CH,OH (1)
CH,OH + NHj,,,,— NH, + CH;OH )

The hydrogen radical produced can attack both methanol
and ammonia competitively as in reactions (3) and (4), lead-
ing to the formation of CH,OH radical and NH, radical.

H + CH,OH — CH,CH + H, (3)
H + NH,,,— CH, + H, @

In the irradiation of the aqueous methanol-ammonia mix-
ture solution in the absence of carbon monoxide, the initial
quantum yield of formaldehyde is about 10 times greater
than that of ethyleneglycol as shown in Table 1, implying
that CH,OH radicals reacted via disproportionation process
rather than via dimerization process. However, when the
methanol-ammonia mixture solution is saturated with car-
bon monoxide, the formation of formaldehyde and glyoxal
increased whereas that of ethyleneglycol decreased as
shown in Table 1. The result indicates that the hydrogen
radical reacted as well by the reactions (3) and (4) as by the
reaction (5). Although the solubility of carbon monoxide in
the given concentration of methanol-ammonia mixture solu-
tion could not find, it might be deduced that carbon monox-
ide is more soluble in aqueous methanol-ammonia m:xture
solution than in water (solubility is about 1x107" M)*
since the solubility of carbon monoxide in methanol and am-
monia is larger than that in water.”

H+CO — CHO (5)

Because of these competition reactions, the yield of CHZ-
OH radicals diminished and less .ethyleneglycol produced in
the irradiation of the aqueous methanol-ammonia mixture
solution, saturated with carbon monoxide. The CHO rad-
icals produced by the reaction (5) can react with each other
via both disproportionation process and dimerization pro-
cess to form formaldehyde and ethyleneglycol. This is the
reason why the yield of formaldehyde and ethyleneglycol in-
creased in the presence of carbon monoxide.

The formation of hydrazine and methoxyamine can be ex-
plained by the dimerization of NH2 radical and by the com-
bination of CH,O radical and NH, radical, respectively.
Less formation of hydrazine and methoxyamine in-the pres-
ence of carbon monoxide indicates that less NH, radical pro-
duced because hydrogen radical reacted with carbon monox-
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ide. As the reaction probability of the reaction (5) increases,
that of reaction (4) decreases. In addition to CH, O radical,
CH,OH radical can also react with NH, radical, leading to
the formation of methanolamine. However, methanclamine
is very unstable and is converted into an imine by amine-im-
ine tautomerism. The imine was then attacked by hydrogen
radical as. in reaction (6), producing CH,NH and CH,NH,
radicals.

-H,0

HOCH,NH,———*—— H,C =NH CH,NH (6a)
tautomerism H .
CH,NH, (6b)

The CH,NH and CH,NH, radicals produced by reaction
(6) can react with chemical species contained in the mixture
solution. The CH,NH radical reacts both with methanol and
with CH,OH radical. The substance formed by the com-
bination with CH;NH radical and NH,OH radical is con-
verted into (CH,),N radical by amine-imine tautomerism
and by attack of hydrogen radical as shown in Scheme 1.
(CH,}zN radical can be also produced by the reaction of CH,-
NH radical with methanol. The formation of 1,1-dimethyl-
hydrazine and dimethylamine can be interpreted by the reac-
tion between (CH;)ZN radical and ammonia ot (CH,)ZN rad-
ical and NH; radical.

CH,OH -H,0
CH,N ——2 CH;NH-CH,OH H,C = N-CH,
tautomerism
l CH,OH
(CH;),N NEL H
(CH3);NH
& — (CHy).N
(CH,),NNH, H,
Scheme 1.

In the presence of carbon monoxide, reaction probability
of the reaction (3) decreases because of competition reac-
tion with reaction (5) and less CH,OH radical produced. As
a result, the yields of 1,1-dimethylhydrazine and dimethy-
lamine are diminished.

CH;NH; radical formed by the reaction (6) can also react
with chemical species such as methanol, CH,OH radical,
CH,O radical and ammonia. However, methylamine. ethano-
lamine, and aminemethoxymethane were not detected under
the given experimental condition. It 1mp1|cs that the CH,
NH; radical reacts with chemical species such as methanol,
CH,OH radical and CH,O radical very slowly and these
reactions can be negligible. 'However, hexamine was pro-
duced with relatively large initial quantum yield. From the
result, it might be deduced that CHQNH2 radical attacks am-
monia and then formed diaminomethane as in Scheme 2,
since hexamine was produced by the reaction of diamino-
methane and formaldehyde.* However, diaminomethane was
not detected by the analytical method used in this study. It
may conclude that diaminomethane reacted with formalde-
hyde very quickly. In addition to hexamine, ethylenedi-
amine is also detected. It means that CH,NH, radicals un-
derwent their dimerization process. However, hexamine was
much more produced than ecthylenediamine. This result in-
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dicates that the reaction of CH,NH, radical with ammonia
is superior than its dimerization process under the given con-
dition.

cHNH, N 4 NCH,CH,NH, (ethylendiamine)

NH +
CH,NH, —2~ H,NCH,NH,H<HO . 4 NCH,NH=CH,

HCHO
M 4 NCH,NHCH,NH, —=—=— hexamine
NH;
Scheme 2.

In the presence of carbon monoxide, more hexamine was
formed as shown in Table 1. The presence of carbon
monoxide enhanced the production of formaldehyde. As a
result, the formation of hexamine is also facilitated.

In summary, in the imadiation of the aqueous rnethanol—
ammonia mixture solution (Xuy.ou=0.10, X mme=3% 10° )
saturated with carbon monoxide at 184.9 nm UV light, car-
bonylation and amination were performed. The pho-
tochemical reaction was mainly initiated by attack of the H,
CH,0 and CH,OH radicals formed during the photolysis of
methanol, and formaldehyde, ethyleneglycol, glyoxal, hy-
drazine, 1,1-dimethylhydrazine, dimethylamine, hydrazine,
and formamide were produced as major products. In the
presence of carbon monoxide, it reacts with H radical com-
petitively, leading to the formation of CHO radical. The
CHO radical enhanced the production of formaldehyde and
glyoxal. With increasing the yield of formaldehyde, more
hexamine was produced. However, the formation of ethy-
leneglycol and the other amination compounds except hex-
amine decreased in the presence of carbon monoxide.

Acknowledgement. This work was supported by
NON DIRECTED RESEARCH FUND, Korea Research
Foundation, 1996.

References

1. Holian, J.; Scholes, G.; Weiss, J. J. Nature 1961, 193,
1386.

2. Marz, R.; Chachaty, C. J. Chem. Phys. 1961, 58, 527.

3. Arai, H.; Nagai, S.; Hatada, M. Z. fiir Phys. Chem.

10.

11.

12
13.

14.
15.
16.
17.
18.
19.
20.
21.
22,

23.

24.

Buyll. Korean Chem. Soc. 1998, Vvol. 19, No. 1 131

1981, 126, 187.

. Zecchina, A.; Spoto, G.; Gamrone, E.; Boiss, A. J. Phys.

Chem. 1984, 88, 2575-2581; 2582-2587; 2587-2591.

. Charles, F.; Hanrahan, R. J. Radiat. Phys. Chem. 1985,

24, 475-479; 511-516.

. Seimer, D.; Getoff, N. Z. fiir Phys. Chem. 1969, (NF),

66, 22.

. Getoff, N.; Lehmann, H. P. Radiat. Phys. Chem. 1970,

2,91

. Park, H. R.; Lugovoi, Y. M.; Getoff, N. Radiat. Phys.

Chem. 1989, 33, 473.

. Park, H. R; Lugovoi, Y. M.; Nikiforov, A.; Getoff, N.

Radiat. Phys. Chem. 1991, 37, 469,

Park, H. R.; Getoff, N. Z. fiir Naturforschung 1992,
47a, 985.

Park, H. R.; Getoff, N. Z. fiir Naturforschung 1988,
43a, 430.

Park, H. R.; Getoff, N. J. Photochem. 1988, 43, 153.
Kim, H. J.; Lee, H. C.; Park, H. R. J. Korean Chem.
Soc. 1994, 38, 271.

Lee, H. C,; Kim, H. J.; Park, H. R. Bull. Korean Chem.
Soc. 1994, 15, 1129.

Park, H. R.; Kim, H. J; Sung, A. Y. Bull Korean
Chem. Soc. 1996, 17, 798.

Raef, Y.; Swallow, A. J. Trans Faraday Soc. 1963, 59,
1631.

Nasch, T. Biochem. J. 1958, 55, 418.

Banks, T. Anal. Chemie 1955, 27, 1348.

Watt, G. W; Chrisp, I. D. Anal. Chem. 1952, 24, 2006.
Sonntag, C. Z. Phys. Chem. 1970, 69, 292.

Weeks, J. L.; Meaburn, G. M. A. C.; Gordon, S. Radiat.
Res. 1963, 19, 559.

Myer, J. A.; Samson, J. A. R. J. Chem. Phys. 1970, 52,
266.

D,ans, I.; Boettcher, S.; Freund, H. E.; Kaufmann, E,;
Koch, K. J.; Kruis, A.; Kubaschewski, O.; May, A.;
Mosebach, R.; Woelk, N. H.; Zimmer, H. In Landol-Bé
rnstein, 11 Band, 2 Teil, Bandteil b; Springer Verlag:
Berlin, Gottingen, Heidelberg, Germany, 1962; pp 1-27;
1-48; 1-58.

Ollis, W. D.; Braton, S. D. In Comprehensive Organic
Chemistry, Pergamon press: Oxford, U. K., 1979; Vol.
2,p 9.



