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Interpolymer complex formation between basic polypeptide poly(L-proline) Form II (PLP(II)) and acidic polypeptides 

poly(L-glutamic acid) (PLGA) and poIy(L-aspartic acid)(PLAA) has been studied in water-methanol (1: 2 v/v) mixed- 

solvent by viscometry, potentiometry, light scattering and circular dichroism (CD) measurements. It has been found 

that polymer complexes between PLP(II) and PLGA (or PLAA) are formed via hydrogen bonding with a stok:hiometric 

ratio of PLP(II)/PLGA (or PLAA) = 1:2 (in unit m시e ratio) and that PLP(II) forms polymer complex more favorably 

with PLGA 나lan with PLAA. In addition, the minimum (for pH 5.0) and 나le maximum (for pH 3.2) in reduced viscosity 

of dilute PLP(II)-PLGA mixed solutions are observed 간 0.67 unit m이e fraction of PLGA 00, [PLP(II)]/[PLGA] = 1/2). 

These findings could be explained in terms of molecular structure (or conformation) of the complementary polymers 

associated with the complex formation.

Introduction

Polymer complexes are formed, almost stoichiometrically, 

by the association of two or more complementary polymers 

via electrostatic forces, hydrophobic interactions, hydrogen 

(H) bonding, van der Waals forces or combinations of these 

interactions?'3 Due to the long-chain character of the poly­

mers, the complex formation process is usually cooperative. 

Especially, the formation of polymer complexes between a 

proton-accepting (or Lewis base) polymer [eg., poly(ethylene 

oxide) (PEO), poly(N-vinyl pyrrolidone) (PVP), poly(L-pro- 

line) (PLP), etc.] and a proton-donating (or Lewis acid) poly­

mer poly(methacrylic acid) (PMAA), poly(glutamic acid) 

(PGA), poly(aspartic acid) (PAA), etc.] via H-bonding in orga­

nic or aqueous media has attracted a continuing interest as 

a model of biological systems.4'10 The interpolymer comple­

xation via H-bonding in solution is highly sensitive to such 

factors as pH, ionic strength, temperature, solvent, concent­

ration, structure and molecular weight of the component pol­

ymers, hydrophobic interaction, etc.11 Hence, most studies 

have been performed on the polymer complex systems based 

on H-bonding, mainly focusing on the effects of these factors 

on complexation.

However, only a few studies12-14 have been reported so 

far on the H bonding complexation between acidic- and ba­

sic- biopolymers with different conformations Q.g., one with 

a helical structure and the other with a coiled structure) 

and on the conformational change of the complementary pol­

ymer upon complexation. Hence, for a model study on the 

interpolymer complexation via H bonding between acidic- 

and basic- biopolymers we have chosen PLP Form II (PLP 

(II)) as a basic polypeptide and L-forms of PGA and PAA 



Molecular Conformation-Dependent Complexation BulL Korean Chem. Soc. 1995 Vol. 16, No. 1 43

(財 PLGA and PLAA) as acidic polypeptides. As is well 

known, PLP(II) is a unique polymer having a 3i left-handed 

helical structure (with all the peptide bonds in trans confor­

mation) due to the steric restriction about the N-C bond 

of the pyrrolidone ring without intramolecular hydrogen bo­

nds, and readily soluble in water.15,16 On the other hand, 

PLGA and PLAA, being weak poly이ectrolytes, may assume 

a helical and/or random-coiled conformation, depending on 

pH of the surrounding medium.1719

In this paper, we will report on viscosity, potentiometric 

(pH), light scattering and circular dichroism (CD) measure­

ments of dilute mixture solutions pf PLP(II) with PLGA (or 

PLAA) of various compositions in water-methanol (1: 2 v/v) 

mixed solvent, which will lead to an evidence for the forma­

tion of an interpolymer complex with a definite stoichiometry 

via H-bonding. In addition, the influences of molecular struc­

ture and conformation of the component polymers upon com­

plexation will be investigated from the experimental results.

Experimental

Materials. PLGA, PLAA, and PLP(II) were purchased 

from Sigma Chemical Co., Ltd., and identified by IR and 

spectra. The (viscosity-average) molecular weights (A么) 

these polypeptides are as follows; PLGA (sodium salt), 

54,600; PLAA (sodium salt), 50,300; and PLP(II), 19,000. Tri­

ply-distilled water and methanol (99.8%) were used as sol­

vents in this study.

Sample Preparation. PLGA and PLAA were dialyzed 

against acidic aqueous solution to remove the sodium salt. 

The 0.5-1.0 wt% aqueous solutions of these polypeptides 

were put into the cellulose dialysis sack and stirred in water 

adjusted to pH 3.2 for about two weeks. The dialyzed polype­

ptides were freeze-dried to obtain the pure solid forms. PLP 

(II) was used without further purification. Separate solutions 

of homopolypeptides used for complex experiments were 

prepared in a mixed-solvent of water-methanol (1: 2 v/v) 

with very dilute concentration (i.e., r=1.0-2.0X10-3 unit 

mole/L) to avoid the entanglement problem.

Measurements. In order to be sure of the optimal com­

plex behavior throughout the study, all the measurements 

on mixed solutions of acidic- and basic-polypeptides of diffe­

rent compositions were performed with rigorous stirring for 

at least 24 hr. The results obtained were highly reproducible 

within small experimental errors. The pH measurement was 

made using a pH meter (Cole-Parmer Inst. Co., Model 5985- 

80). The pH of each peptide solution before mixing was adju­

sted to 3.2 using HC1. Viscosities on mixed dilute solutions 

(c=L94X10—3 unit mole/L) of PLP(II) with PLGA (or PLAA) 

at various unit mole ratios in water-methanol (1: 2 v/v) were 

measured at 20 ± 0.02 t with an Ubbelohde-type viscometer. 

The inner dilution capillary was used for viscosity measure­

ments. The light scattering measurement was carried out 

using the Brookhaven Instrument (Mod이 BI-2030) equipped 

with a He-Ne laser light source, the scattering angle (0) and 

the wavelength (X) of the incident light employed being 90° 

and 500 nm, respectively. The CD spectrum, expressed as 

the molecular ellipticity [0] (in degrees cm2 per decimole 

of the optically active compound), on binary mixed systems 

of PLP(II) with PLGA (or PLAA) in water-methanol (1: 2 

v/v) was measured at 25士 0.5 in the range of wavelength 

190-250 nm using a JASCO J-20 CD/ORD spectropolarimeter 

equipped with a quartz cell of path length 1 mm.

Results and Discussion

Generally, the complex formation between polyacids and 

polybases via H-bonding in aqueous media is strongly depe­

ndent on pH of the medium, which will affect the charge 

density of the component polymers, and their molecular con­

formations responsible for the interpolymer complexation.4,9 

That is, the molecular chains of an ionizable polypeptide (eg, 

PGA, PAA) exist in a random coil form when the degree 

of ionization (a) is high, but in a helical form as a becomes 

low. The a for weak polyelectrolytes is usually controlled 

by pH of the medium, as suggested by the following modified 

Henderson-Hasselbach equation20 for weak polyacids;

pH=Z，K广成 log [a/(l-a)] ⑴

where pKa is the (apparent) dissociation constant of the 

acid, and m is a constant close to unity, depending on surrou­

nding conditions.

As stated before, the basic polypeptide PLP(II) in aqueous 

solution takes a helical structure without any intramolecular 

hydrogen bonds over a broad pH range.1516 By contrast, the 

weak polyacid PGA exists as a helical form in the pH range 

where the charge density on the peptide chain is low, but 

assumes a random coil when its ionizable group is charged 

at higher pH than 7 owing to the mutual repulsion of ionized 

groups attached to a polypeptide chain (see Eq. (I)).17'19 Al­

though PAA has a similar property to PGA, the pH range 

where PAA has a helical conformation is much lower than 

th가 of PGA.圮 18

For the confirmation of complex formation between PLP 

(II) and PLGA via H-bonding interaction and estimation of 

the stoichiometric ratio, the pH change upon complexation 

(ApH), i.e. the difference in pH between the final (equilib­

rium) and the initial stage of complexation at a given compo­

sition, for mixed solutions (c—1.0X10-3 unit mole/L) of PLP 

(II) and PLGA in water-methanol (1: 2 v/v) solvent at 25 

t are plotted in Figure 1 as a function of the unit mole 

fraction of PLGA (xplga) in a PLP(II)-PLGA mixture 

[PLGA]/([PLGA] + [PLP(II)]) with respect to their repea­

ting units). (It should be noted that the square bracket deno­

ting the unit mole concentration (mole/L) of the component 

polymers is usually abbreviated in the text for brevity.) As 

shown in Figure 1, the maximum value of ApH is observed 

가 a PLGA fraction of 0.67 (i.e. at a unit mole ratio of PLP(II) 

/PLGA =1/2), which can be interpreted as follows. The com­

plexation between poly(carboxylic acids) and polybases via 

H bonds is produced only by carboxyl groups in the undisso­

ciated state. Thus, dissociated carboxyl groups in mixed pol­

ymer solutions at a certain pH are influenced by the comple­

xation and become undissociated by the extraction of protons 

from the solution into the domain of polymer chains, leading 

to an increase in pH. Accordingly, the pH change of mixed 

solutions of PLP(II) and PLGA increases with xPLga as a re­

sult of complex formation via H bonds up to a point of 0.67 

(te. PLP(II)/PLGA ratio of 1/2), beyond which the pH dec­

reases with increasing PLGA fraction due to the dissociation 

of (excess) uncomplexed PLGA present in the system. Hence, 

from Figure 1 we can deduce that the complex formation
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Figure 1. The pH change upon complexation (ApH) of PLP(II) 

/PLGA mixture solutions (c= 1.0XIO-3 unit mole/L) in water- 

methanol (1: 2v/v) at 25 °C against the unit mole fraction of 

PLGA Slga). The pH values of PLP(II) and PLGA solutions 

before mixing are 6.43 and 5.0, respectively.

between PLP(II) and PLGA in water-methan이 (1: 2 v/v) oc­

curs via H bonding with a (most suitable) 마oichiom아ric ratio 

of PLP(II)/PLGA= 1/2. The same thing can be applied to 

the PLP(II)/PLAA complex system.

It is well known that the CD spectrum (corresponding to 

the unequal absorption of plane polarized light by a chiral 

molecule with asymmetric structure as a function of X of 

the incident light) is widely used in investigating the confor­

mation or conformational change of optically active biopoly­

mers (eg., polypeptides, proteins) in solution.17~19,21

Hence, we tried to use the CD spectroscopic measurement 

in order to identify a 1:2 (base to acid) repeating unit stoi­

chiometry and to understand the conformational change of 

the component polymers upon complexation via H-bonding 

for the PLP(II)/PLGA(PLAA) complex system. Figure 2 

shows the CD spectra for three homopolypeptides used for 

this complex study, i.e. PLP(II), PLGA and PLAA, in water- 

methanol (1: 2 v/v) at 25 and pH 3.2. Since the w^n* 

and transitions of amino acids composing the polypep­

tide chains occur at about 225 nm and 195 nm, the range 

of the wavelength covered in this study is 190-250 nm. The 

CD spectra given in Figure 2 are w이 1 consistent with those 

reported by other authors,19,21 who have assigned the left-ha­

nded helix, the right-handed helix, and the random-coiled 

conformation to PLP(II), PLGA and PLAA, respectively, at 

this pH range. Figure 3 shows the CD spectra for the PLP 

(II)-PLGA mixed solutions (c= 1.0 X IO-3 unit mole/L) at var­

ious unit mole ratios in water-methanol (1: 2 v/v) at 25 t 

and pH 32 Curves Ct D, E, and F exhibit the actual CD 

spectra (L0]w) of binary mixtures (after equilibrium) for the 

respective compositions whereas curves c, d, e, and f exhibit 

the “ideal” CD spectra ([0]?) of the corresponding mixtu­

res calculated from the simple additive rule (Eq. (2)) with 

respect to unit mole fractions of the component polymers

4
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Figure 2. CD spectra of homopolypeptides PLP(II), PLGA and 

PLAA in water-methanol (1: 2 v/v) (c =1.0X10 unit mole/L) at 

25 t and pH 32
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Figure 3. CD spectra for PLP(II)-PLGA mixture of venous com­

positions (c= 1.0X10 3 unit mole/L) in water-methanol (1: 2 v/v) 

at 25 t： and pH 3.2. The unit mole ratios of PLP(II) to PLGA 

for the mixture are C, c (2 : 1); D, d (1:1); E, e (1:2); F, f 

(1: 3). Curves C, D, E, and F are actual spectra upon complexa- 

tion while curves c, d, e, and f are “ideal” spectra calculated 

by Eq. (2) in the text.

at a given X using the CD spectra for the pure components 

as given in Figure 2, assuming no appreciable interactions 

between the component polymers;
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Hgure 4. Changes (in excess) scattered intensities of the light 

AZ (set at 0=90° and 入=500 nm) upon complexation for dilute 

PLP(II)/PLGA (or PLAA) mixtures (c=1.0X10~3 unit mole/L) 

in water-methanol (1: 2 v/v) at 25 QC against the unit mole frac­

tion of PLGA (or PLAA).

就由 ro：i+x2 roi2 (2)

where Xi and x2 are unit mole fractions of polymers 1 

and 2, respectively, and and [0]2 are the corresponding 

molecular ellipticities. Here, let numbers 1 and 2 denote 

PLP(II) and PLGA (or PLAA). In principle, we can predict 

the occurrence of complexation (or complex 마。ichiometry) 

and the conformational change of the component polymers 

upon complexation by comparing the actual CD spectra with 

the ideal ones for polyacid/polybase mixtures in solution. 

The more conformational change (as a result of strong inter- 

molecular interaction) each component polymer has, the 

more deviation (from the ideal one) the actual CD curve 

has. From Figure 3, we can notice that the most deviation 

from the ideal curve is observed for the PLP(II)/PLGA mixed 

solution at a 1:2 repeating unit mole ratio. This result can 

be another evidence of PLP(II)/PLGA= 1: 2 complex system, 

and also indicates that the conformational change of the co­

mponent polymers occurs most strongly in the vicinity of 

a 1:2 unit mole ratio due to the formation of most stable 

complexes between PLP(II) and PLGA via H bonding in a 

hydroalcoholic medium. A similar result has also been obser­

ved for 난)e PLP(II)/PLAA system.

Since the excess scattered intensity of the light for a dilute 

polymer solution (defined as the difference between the scat­

tered intensities of the sample solution and of the solvent) 

at a given scattering angle is proportional to the product 

of the concentration and the (weight-average) molecular size 

of polymer molecules in solution, light scattering as well as 

viscosity measurements can provide useful inform갌ion on 

complex formation between biopolymers in solution.22-23 In 

general, the complex formation between the component poly­

mers brings about the increase in (excess) scattered light 

intensity of the original binary mixed solution due to the 

increase in molecular size and/or due to the aggregation
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Figure 5. The effect of pH on the relationship between the 

reduced viscosity, tm，of PLP(II)-PLGA mixture solutions (c= 

1.94X10 3 unit mole/L) in water-methanol (1: 2 v/v) at 20 ◎ 

and urHt mole fraction of PLGA. The dashed line for each pH 

denotes the “ideal curve** obtained from the simple additivity 

of the component viscosities with respect to unit mole fractions.

effect involved.

With a view to investigating the side chain effect of the 

acidic homopolypeptides on interpolymer complexation bet­

ween acidic- and basic-polypeptides of interest, we have atte­

mpted to compare the light scattering experimental result 

of PLP(II)-PLGA system with that of PLP(II)-PLAA system. 

Light scattering measurements were performed on the mix­

tures of PLP(II) with PLGA and PLAA of various mixed co­

mpositions (c=L0X10」3 unit mole/L) in water-methanol (1: 

2 v/v) at 25 °C and pH 3.2. Figure 4 illustrates the changes 

(AZ) in excess scattered intensities of the light (using 0=90° 

and A, = 500 nm) for dilute PLP(II)/PLGA(PLAA) mixture so­

lutions (c=1.0X10-3 unit mole/L) resulting from interpoly­

mer complex가ion as a function of unit m이e fraction of PLGA 

(PLAA). The increase of M with increasing molar fraction 

of PLGA(PLAA) is considered to be caused by the interpoly­

mer complex formed between PLP(II) and PLGA(PLAA) via 

H bonding interaction. The observation of the maximum AZ 

value at xPLga (^plaa) = 0.67 for bo比 systems is again indica­

tive of PLP(II)/PLGA(PLAA) = 1/2 (in unit mole ratio) comp­

lex system. From Figure 4 we can also see that the higher 

AZ value is observed for the PLP(II)-PLGA system than for 

the PLP(II)-PLAA system at a given mixed composition, sug­

gesting that PLGA with longer side chain has a greater abi­

lity of to form H-bonded complex with PLP(II) than PLAA 

does probably because of more binding sites available for 

the complexation.

Finally, in order to further sustantiate the results obtained 

above and to investigate the effect of conformational change 

of the complementary polymer caused by variations in envi­

ronmental conditions on H-bonded complexation between 

acidic- and basic-polypeptides viscosity measurements were
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made on dilute solutions of PLP(II)-PLGA mixtures(£=1.94 

X10 3 unit mole/L) at two different pH values, i.e. pH 3.2 

and 5.0, in water-methanol (1: 2 v/v) at 20 , whose results

are displayed in Figure 5 as the plot of reduced viscosity 

n湖(=1屛化 with t海 being specific viscosity) vs. unit nude 

fraction of PLGA. The (reduced) viscosities of mixed polymer 

solutions exhibit the maximum for pH 3.2 and the minimum 

for pH 5.0 at a composition of XplGA = 0.67, implying that the 

maximum manifestation of interpolymer complexation occurs 

for a PLP(II)/PLGA= 1/2 unit molar ratio, irrespective of the 

pH value of the medium, in agreement with the previous 

results on pH, light scattering, and CD measurements. In 

addition, we can notice from Figure 5 that the aspects of 

viscosity changes with Xplga. for PLP(II)-PLGA mixture solu­

tions at pH 3.2 and 5.0 are quite different from each other. 

The measured m values of dilute PLP(II)-PLGA mixture 

solutions exhibit the positive deviation at pH 3.2 but the 

negative deviation at pH 5.0 from the "ideal” values (dotted 

lines in Figure 5) obtained from the simple additivity of the 

component viscosities based on their unit nude fractions, si­

milarly to the case of CD measurement (Eq. (2)).

This could be explained from the structural point of view,

i.e.  in terms of difference in molecular conformation (or hyd­

rodynamic dimension) of PLGA at two different pH condi­

tions with the help of the well-known Flory24 equation rela­

ting the (intrinsic)viscosity to molecular dimension in dilute 

solution;

国]=0〈户〉3/2彻 (3)

where [门]is the intrinsic viscosity obtained by extrapola­

tion of r\red to infinite dilution, 0 Flory's universal constant, 

M the molecular weight, and〈户〉the mean-square end-to- 

end distance of the polymer in solution. By Eq. (3) it is 

meant that 切]M is a relative measure of the hydrodynamic 

volume〈户严 of a polymer molecule in solution. Hence, the 

result shown in Figure 5 can be qualitatively interpreted 

on the basis of Eq. (3), as has been done previous paper. 

Both PLP(II) and PLGA molecules in aqueous media assume 

helical conformations at pH 3.2, as stated before. Therefore, 

the complex formation between PLP(II) and PLGA at pH 

3.2 corresponds to the so-called **order-order complexation”, 

yielding a larger hydrodynamic volume, and hence increased 

viscosity, as compared to that of each (uncomplexed) comple­

mentary polymer, leading to a maximum at Xplga — 0.67, i.e. 

at [PLP(II)]/[PLGA] = 1/2 (in unit mole ratio). Consequently, 

the viscosity behavior for the PLP(II)-PLGA system at pH 

3.2 may exhibit the positive deviation from the simple addi­

tive rule. On the other hand, at a condition of pH 5.0 the 

dissociation of carboxyl groups attached to PLGA is conside­

rably increased as compared to the case of pH 3.2 (see Eq. 

(1)), thereby causing the (partial) destruction of the helical 

structure of PLGA. In fact, PLGA in this pH range is repor­

ted to coexist as helical and random conformation.17 -19 Thus, 

the complex formation between PLP(II) and PLGA at pH 

5.0 corresponds to the "order-disorder complexation**, yiel­

ding a smaller hydrodynamic volume, and hence decreased 

viscosity, as compared to the pure state of each complemen­

tary polymer, leading to the viscosity minimum at a 1: 2 

나nit mole ratio. Accordingly, the viscosity behavior for the 

PLP(II)-PLGA system at pH 5.0 may exhibit the negative 

deviation from the simple additive rule.

In conclusion, it has been found from pH, viscosity, light 

scattering and CD measurements on the PLP(II)/PLGA (or 

PLAA) mixed systems in water-methanol (1 : 2 v/v) that pol­

ymer complexes between PLP(II) and PLGA (or PLAA) are 

formed via hydrogen bonding with a 1:2 repeating unit stoi­

chiometry of PLP(II)/PLGA (or PLAA) and that PLP(II) forms 

polymer complex more favorably with PLGA than with PLAA. 

In addition, the minimum (for pH 5.0) and the maximum 

(for pH 3.2) in reduced viscosity of dilute PLP(II)-PLGA mi­

xed solutions are observed at a PLGA unit mole fraction 

of 0.67 (i.e., [PLP(II)]/EPLGA] = 1/2), These findings could 

be explained in terms of molecular structure (or conforma­

tion) of the complementary polymers associated with the in­

terpolymer complexation.
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The mechanism of the photodecomposition of 2-methoxy-l,2-diphenyl diazoethane has been investigated in methanol 

and isoprene using time-resolved laser flash photolysis techniques. The reaction of triplet carbene which is generated 

from 2-methoxy- 1,2-diphenyl diazoethane wth methanol is believed to proceed via thermal excitation to the singlet 

state. The activation energy and enthalpy are conistent with a mechanism involving thermal equilibrium between 

the triplet and single state followed by the reaction of the singlet with methanol to give ether.

Introduction

The reactivity of carbene is determined by their spin mul­

tiplicity.1 Carbenes have singlet and triplet electronic states. 

Generally triplet carbenes react by two-step radical proces­

ses, whereas singlet carbenes can undergo singlet-step bond 

insertion. Methylene is well known as a simple carbene.2 

It is well appreciated that there are two chemically important 

states of methylene.3 Their two states can each be detected 

spectroscopically as %i and 3B2.4 Organic chemistry have also 

been eager to measure the singlet-triplet energy gap in large 

systems such as phenyl carbene, diphenyl carbene and naph­

thyl carbene.5 However, in these systems, it has only proven 

possible to detect the triplet ground state by spectroscopic 

methods, it is also questionable whether gas phase spectros­

copy and high-level calculation can be applied to molecules 

of such size and complexity to give accurate values of entha­

lpy between the singlet and triplet states. Many results are 

focused on the points of combination of product analyses 

and kinetics as a tool which can be interpreted the reactivity 

for the molecules of aromatic carbenes. For example, the 

quenching of a triplet aromatic carbene is used for the stan­

dard reaction of probing the singlet-triplet energy gap.6 It 

is pointed out that this treatment would make an error for 

application to some aromatic carbene.7 Recently carbenes 

have been detected by electron paramagnetic resonance 

(EPR) spectroscopy. It is known that diphenylcarbene has 

a triplet at the ground state8-11 and the coincidence of recent 

opinion supports the results that the triplet and singlet states 

are in thermal equilibrium at room temperature.5,12 However, 

evidence supporting this conclusion is based on the assump­

tion that singlet and triplet states of the carbene carry out 

certain stereotypical reactions. In particular it has been assu­

med that only the singlet state of the carbene react옹 with 

alcohols to give ethers.512 It is widely believed that it is pos­

sible to obtain spin-specific products from diphenylcarbene.

The diagnostic reaction of diphenylcarbene of singlet state 

(T)PC) with methanol gives ether 1:

Ph H OCH3
〉q + ch3oh ------------------ X

ph Ph Ph

1 DPC 1

and that of the triplet state (3DPC) with oxygen or isoprene 

gives 2 or 3 and 4.

The reaction mechanism on which these conclusions are 

described above can be augmented with measurements made 

by flash photolysis. In the standard approach,512 an absolute 

rate constant for the reaction of a triplet carbene with a 

diene is determined by laser flash photolysis.

Competition studies are then carried out in which the car­

bene is generated in mixtures of the diene and alcohol. It 

is assumed that only the singlet state of carbene will react 

with alcohol, and thus information about the relationship bet­

ween the singlet and triplet states can be discernible from 

the experimental results.

Closs and Rabinow13 were the first to measure an absolute 

rate constant for a carbene reaction in solution. Flash photol­

ysis of diphenyldiazomethane in an inert solvent such as


