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Fig. 1.  Structure of methyl viologen dication (MV
2+

). 
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Abstract 

 The long-lived absorption observed in femtosecond transient absorption experiments at 295 nm when 

methyl viologen dication (MV
2+

) is photo-excited in water at 266 nm has been assigned to a ground state 

MV
2+

/OH
-
 ion pair.  While a 1.68 μs lifetime component is seen in the 240 – 320 nm region, no accompanying 

change in IR absorption is observed.  The assignment as a MV
2+

/OH
-
 ion pair agrees with experiments showing 

that nitric acid quenches the long lived UV absorption.
1
  Steady-state studies have produced the MV

2+
/OH

-
 ion 

pair and difference spectra closely match the transient absorption results.  A Ketelaar plot has determined the 

binding constant for MV
2+

 and a single hydroxide molecule to be 4.8 ± 4.2 x 10
-2

 M
-1

 and the change in molar 

extinction coefficient at 295 nm to be 5500 ± 4900 M
-1

 cm
-1

, but further experiments should be performed to 

analyze and validate these values.  It is proposed that the mechanism by which photo-excited MV
2+

 in water 

forms the MV
2+

/OH
-
 ion pair can be described as concerted proton coupled electron transfer.     

       

Introduction 
 

 Methyl viologen’s (MV’s) role as an electron acceptor has been extensively studied.  Fig. 1 shows the 

structure of MV
2+

.  It is a good redox indicator, and in a typical application an electronically excited donor 

species donates an electron to MV
2+

 in its ground state.
2
  MV

2+
 is an even better electron acceptor in its first 

excited state.
2
  Its excited state dynamics have been studied in several solvents, and it has been shown that the 

excited state lifetime is dependent on the solvent.
2
  In methanol, which has an IP of 10.84 eV, the excited state 

lifetime of MV
2+

 is very short.
2
  Forward electron transfer causes radical cation formation in less than 200 fs.

2
  

Eighty-eight percent of the MV returns to the ground state in 430 fs and long-lived radical cation is formed with a 

yield of 12%.
2
  In acetonitrile (IP = 12.2 eV), no radical formation is observed and the decay of the excited state 

is slowed to 1 ns.
2
  Changing the solvent to water, which has an even higher ionization potential (IP = 12.6 eV), 

produces different results.
2
  The MV

2+
 excited state signal decays to zero in 3.1 ps, but if D2O is used as the 

solvent, the lifetime increases to 5.3 ps.
2
  There is no long-lived signal in the radical absorbing region around 600 

nm.  However, transient absorption (TA) with a lifetime of 1.68 μs is observed in the 240 - 320 nm region in 

fsTA experiments.
1, 2

  This indicates that either a long-lived species other than the radical cation is formed or the 

ground state does not recover.  Recently, it has been shown that the addition of acid to methyl viologen in water 

quenches the long-lived signal observed in TA studies at a rate of 3.1 x 10
9
 M

-1
s

-1
.
1
   This suggests formation of a 

MV
2+

/OH
-
 ion pair as the long-lived species, but other possibilities exist.  The purpose of the experiments 

presented here was to determine the identity of this long-lived transient signal in water.       

 As MV
2+

 has a relatively high electron affinity (EA = 1.2 eV)
3
, MV

2+
 acts an acceptor molecule and 

forms charge transfer (CT) complexes with various Lewis-base type molecules.
4
  An anion is often the electron 

donor of the CT complex and several studies have focused on MV
2+

/halide ion pairs.
4-8

  As described by 

Mulliken, the energy of a charge transfer transition is proportional to the IP of the donor and the EA of the 

acceptor.
9
  Experiments have shown that MV

2+
 charge transfer complexes are marked by increased absorption in 

the 290 – 400 nm region, and the exact energy of the new absorption depends on the identity of the donor 

molecule. 
4-7

  Another spectral feature that has been observed 

upon MV
2+

/halide ion pair formation is a decrease in 

absorption near 250 nm.
5
  For instance, Bertolotti, et al. has 

reported a negative band just below 250 nm in the MV
2+

/Cl
-
 

ion pair difference spectrum.
5
   

When an ion pair, or more generally an association 

complex, is formed, the binding stoichiometry of the  



 

Fig. 3.  Mechanisms by which the pyridones shown 

in Fig. 2 are formed.
18

   

 

Fig. 4.  Formation of a pseduobase from N-

methoxypyridinium.   

 

 

 

 

 

 

 

 

 

 

 

complex can be determined through the use of a Job Plot.
10

  In 

this method, also known as the method of continuous 

variations, one varies the mole fractions of the two species 

forming the ion pair, while keeping total concentration 

constant.
11

  A parameter proportional to complex formation 

(such as absorption) is measured and plotted against mole 

fraction of one of the species to determine the binding 

stoichiometry.
11

  Given a 1:1 binding stoichiometry, several 

equations have been derived to determine the binding constant 

(K) and molar extinction coefficient (ε) of an association 

complex.
12-15

  In general, these methods assume the donor 

molecule of the charge transfer complex does not absorb in the 

region where the new charge transfer band appears.  Simpler 

treatments, such as the Benesi-Hildebrand equation, also 

assume that the acceptor molecule of the complex does not 

absorb in the region of interest.
12

  However, other methods of 

analysis, such as Rose-Drago or Ketelaar analysis, do not 

make this assumption.
13, 14

  An appropriate mode of analysis 

can be chosen based on experimental conditions and 

descriptions of the assumptions made in each approach can be 

found in literature.
15

  Using Benesi-Hildebrand analysis for 

instance, the K1 value (the association constant corresponding 

to the binding of a 1:1 complex) for MV
2+

  with chloride, 

bromide, and iodide have been found to be 1.70, 3.40, and 3.80 

M
-1

, respectively.
4
  

 Oxidation of MV
2+

 to form pyridone products has also 

been described in the literature.
16-18

  Structures for the two 

pyidones derived from MV
2+

 are shown in Fig.2, and the 

mechanisms by which they are formed are given in Fig. 3.  

Mau and coworkers attribute the green fluorescence seen after 

exciting solutions containing MV and other species at 

wavelengths greater than 310 nm at least in part to the 

pyridone 1’,2’-dihydro-1’,1’-dimethyl-2’-oxo-4,4’-

bipyridylium (2-one).
17

  Under conditions where pH was 

greater than 9, the fluorescence increased with alkalinity and 

amount of time passed.
17

  The preparation of the 2-one has 

been described
16

 and its absorption and emission spectra are 

known.
18

  γ-irradiation of MV at pH 4 has also produced the 3-

one, 3,4-dihydro-1,1’-dimethyl-4,4’-bipyridylium, and the 

absorption/emission of the 3-one has been reported.
18

  In 

these γ-radiolysis studies, the 2-one is the major product.
18

  

The 3-one is produced to a larger extent when O2 or Fe
3+

 is 

present, but the yield of both species drops upon the addition 

FeCl3.
18

 

Fig. 2.  Structures of pyridones derived from MV
2+

.  (a) 1’,2’-dihydro-1’,1’-dimethyl-2’-oxo-4,4’-bipyridylium (2-

one)  (b) 3,4-dihydro-1,1’-dimethyl-4,4’-bipyridylium (3-one) 



 

 As MV
2+

 is an unsaturated heterocyclic cation, it is prudent to consider the possibility of pseudobase 

formation when hydroxide is present.  Under basic condition, many compounds similar to MV
2+

, such as N-

alkoxypyridininium cations, have been found to undergo pseudobase formation.
19-22

  Pseudobase production is 

characterized by hydroxide attaching to an aromatic ring by nucleophilic addition.
22

  Depending on the 

compound, the pseduobase may undergo ring opening to form the amino-carbonyl tautomer.
22

  Fig. 4 shows the 

mechanism of pseudobase formation starting with N-methoxypyridinium.  In general, large changes to electronic 

spectra occur following pseudobase formation because the aromatic character of the ring is disrupted.
22

  However, 

even in very basic solutions, N-methylpyridinium cation (which is essentially half of MV
2+

) has shown no 

spectral evidence of forming a pseduobase and there appears to be an ionic N-methylpyridinium hydroxide.
23

                   

As stated above, the purpose of these experiments was to determine the identity of the long-lived 

transient species produced when MV
2+

 is photo-excited in water.  The following logic was applied.  Time-

resolved infrared experiments were carried out to determine if a change in IR absorption accompanied the 

changes observed in transient absorption by UV-VIS.  It was believed that this would provide evidence 

supporting or refuting the possibility of forming a pseudobase.  As discussed in more detail later, if a pseudobase 

was the long-lived transient, one would expect to see a change in IR absorption upon its formation.  Following the 

time-resolved studies, steady-state experiments were conducted in an attempt to reproduce the features observed 

in the TA spectrum of MV
2+

 in water.  It was believed that if the long-lived product was the MV
2+

/OH
-
 ion pair, it 

could be generated in steady-state experiments.  Finally, if the long-lived species could be identified, it was hoped 

that these studies would provide insight into the mechanism by which the excited state of MV
2+

 relaxes when it is 

photo-excited in water.  

 

Experimental 

 

Samples.  Methyl viologen dichloride hydrate (98%), D2O (99.9 atom %), 1-butanol (99.9%), and KBr 

(99+%) were all purchased from Sigma-Aldrich and used as received.  Sodium hydroxide (99%), sulfuric acid 

(95.6%), KI (100%), and Zn metal dust (100%) were purchased from Mallinckrodt and also used as received.  

MV
●+

 was prepared by chemically reducing solutions of MV
2+

 with Zn dust.  All water was nanopure ( ≥18.0 

MΩ-cm).          

Time-Resolved Infrared (TRIR) Studies.  nsIR studies were conducted using a previously described 

JASCO TRIR-1000 dispersive-type IR spectrometer with 16 cm
-1

 resolution.
24, 25

  Samples were held between 

two CaF2 windows in a home-built flowcell and excited by 266 nm pulses.  A solution of MV
2+

 in D2O (3.80 

mM) was prepared and analyzed in the 1500 – 1900 cm
-1

 and 1300 – 1420 cm
-1

 regions.  For reference, MV
2+

 in 

butanol (4.06 mM) was also studied from 1500 – 1700 cm
-1

.  As the home-built flowcell required solvent to be 

added, some dilution of the samples occurred in each experiment, but this did not seriously impact the results.  

After dilution, the concentration of MV
2+

 in D2O was approximately 1.75 mM.  

 The system used to perform the fsIR experiments has been described elsewhere.
26

  Briefly, a sample of 

MV
2+

 in D2O was held between two BaF2 windows in a home-built spin cell with a 0.2 mm Teflon spacer.  The 

solution was excited at 266 nm and probed in the 1600 – 1700 cm
-1

 region.       

Steady-state Spectroscopy.  Steady-state UV-VIS absorption spectra were taken on a Perkin Elmer 

Lambda 25 in a 1 mm quartz cell.  For difference spectra, a stock solution of MV
2+

 was prepared and divided it 

into several aliquots.  One aliquot was left unchanged and served as the reference solution.  To the other aliquots, 

an appropriate amount of solid NaOH was added to achieve the desired OH
-
 concentration while keeping the 

MV
2+

 concentration identical to that of the reference solution.   Difference spectra were generated by subtracting 

the reference solution spectrum from that of the solutions with NaOH added.  

For neutralization experiments, stock solutions of 1.0 M and 10.860 M H2SO4
 
were prepared from 

concentrated sulfuric acid.  Aliquots of these stock solutions were added to solutions containing known amounts 

of MV
2+

 and NaOH.  Similarly, known amounts KBr were added to solutions containing known amounts of MV
2+

 

and NaOH.     

FTIR spectra were taken using a Perkin-Elmer Spectrum 2000 FTIR spectrometer.  Samples were held 

between two CaF2 windows in a spin cell with a 0.1 or 0.2 mm Teflon spacer.  Solutions containing MV
2+

 and 

NaOH were made in an identical fashion to those used for the UV-VIS studies.  

Emission measurements were made with a Spex Fluorolog 2 using excitation wavelengths of 267 and 385 

nm.   A solution containing about 4.8 mM MV
2+

 and 3 M NaOH was prepared and left exposed to light for three 

days.  After the three days had passed, the solution was diluted by a factor of three and the absorption and 

emission of the spectrum were measured in a 1 cm path length cell.              



 

 

 

Fitting.  Assigning the peak seen at 295 nm in the steady-state difference spectrum to MV
2+

/OH
-
 ion pair 

formation (this assumption is justified in the Discussion section); the data at 295 nm were graphed according to 

the Ketelaar equation.
14

  The MV
2+

 concentration for these experiments ranged from 4.6 - 7.3 mM and the NaOH 

concentration ranged from 0.49 – 2.31 M.  The form of the Ketelaar equation used was: 

 

 

(1) 

 

 

where A = absorption of the solution containing MV
2+

 and NaOH, Ao = absorption of the solution containing just 

MV
2+

, Δε = molar extinction coefficient of MV
2+

/OH
-
 CT absorption at 295 nm (M

-1
cm

-1
), K = the association 

constant for forming a 1:1 MV
2+

/OH
-
 ion pair (M

-1
), COH = concentration of hydroxide (M), CMV = concentration 

of MV
2+

 (M), and b = path length of the cell (0.1 cm).  The value of CMV/(A/b -A0/b) for each trial were plotted as 

the y-values with 1/COH as the corresponding x-values and  fit to a line using least squares fitting.  According to 

this equation, the y-intercept is 1/Δε and the slope is 1/(K*Δε). 

 Computational Studies.  All calculations were performed using Gaussian ’03 on the Glenn Cluster at the 

Ohio Supercomputer Center.
27

  Gas phase MV
2+

 was first optimized with PM3.  Using B3LYP/6-31+G*, the 

optimized PM3 structure was re-optimized and the vibrational frequencies were calculated.  An MV pseudobase 

was built by adding a hydroxyl group to one of the ring carbon atoms that neighbors nitrogen in B3LYP 

optimized MV
2+

 structure. This pseudobase structure was then optimized and the vibrational frequencies were 

calculated with B3LYP/6-31+G*.    

 

Results 

TRIR Studies.  Upon photo-excitation of MV
2+

 in butanol, an increase in absorption is observed around 

1635 cm
-1

 in nsIR spectroscopy.  IR difference spectra following 266 nm excitation are shown in Fig. 5.  As 

photo-excited MV
2+

 is known to form MV
●+

 in butanol, the growth of the peak near 1635 cm
-1

 corresponds to 

radical formation and is consistent with previous studies. 
28-30

  However, no transient signals are observed in ns or 

fsIR spectroscopy when MV
2+

 is photo-excited in D2O.   

Steady-state Spectroscopy.  The ground state absorption spectrum of MV
2+

 has a maximum at 257 nm 

(ε = 20700 M
-1

cm
-1

) in water.
31

  Fig. 6 is the spectrum of 4.8 mM MV
2+

 and compares well to previously 

published results.
31, 32

  A solution of MV
2+

 in water is clear, but upon addition of high concentrations of NaOH, it 

develops a yellow (slightly green) color.  The intensity of this color increases as more NaOH is added and as 

more time has passed since the NaOH addition.  Furthermore, after addition of NaOH, a small red-shift of the 

absorption peak at 257 nm occurs and there is a small increase in absorption at wavelengths greater 280 nm.  It is 

easiest to observe these changes after the ground state absorption of MV
2+

 is subtracted from the absorption of the 

solution containing NaOH and MV
2+

.  The difference spectrum generated after adding 2.02 M NaOH to 0.73 mM 

MV
2+

 is shown in Fig. 7 in the 240 – 320 nm region.  The difference spectrum is marked by a negative band 

around 255 nm and a positive band at 295 nm.  Another small positive feature appears around 385 nm in the  

Fig. 5.  Difference spectra following 

excitation of 4.06 mM MV
2+

 in D2O at 266 

nm at the indicated time delays. 

Fig. 6.  Ground state absorption spectrum of 4.8 mM MV
2+

 

in H2O.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

difference spectrum.  Fig. 8 shows the difference spectrum obtained when 0.98 M NaOH is added to 0.46 mM 

MV
2+

 in 320 – 500 nm region.  Assignments for these bands are given in the Discussion section.         

 The ground state IR absorption of MV
2+

 has been characterized and is marked by strong absorption near 

1649 cm
-1

.
33, 34

  Fig. 9 is the FTIR spectrum of 8.2 mM MV
2+

 in D2O and matches previously published results 

very well.  MV
●+

 also absorbs in this region, with maximum absorption around 1640 cm
-1

.
29

   Fig. 10 shows the 

IR absorption of the radical cation in D2O compared to MV
2+

 in D2O.  A significant increase in absorption occurs 

at 1640 cm
-1

 upon radical formation. The identification of the upper curve in Fig. 10 as the radical cation was 

confirmed by the UV-VIS absorption of the solution.  The electronic spectrum is shown in Fig. 11 and matches 

previously published spectra of the radical.
31, 35

  

 Upon addition of a large concentration of NaOH to MV
2+

, there is an approximately 25 cm
-1

 shift to the 

strong ground state absorption band near 1650 cm
-1

.  Fig. 12 shows the IR absorption of a 2.9 mM MV
2+

 solution 

before and after addition of 0.53 M NaOH.  The shifted band is centered at 1622 cm
-1

 and there appears to be 

little or no residual absorption where the MV
2+

 solution absorbed before hydroxide addition. 

 Fig. 13 shows the effects of adding different amounts of approximately 1 M H2SO4 to solutions 

containing about 4.7 mM MV
2+

 and 1 M NaOH.  (The acid solution had the same concentration of H
+
 as the 

MV
2+

/NaOH solution had of hydroxide.)  As is necessary when a solution is diluted, the band centered at 385 nm 

decreased when increasing amounts of acid were added.  When 1 mL of 10 M H2SO4 was added to 2 mL of a 

solution containing MV
2+

 and about 0.5 M NaOH (so that there was approximately ten times more H
+
 than OH

-
 in 

the mixed solution), the band at 385 nm disappeared.   

 The electronic spectrum obtained after adding KBr to a solution containing MV
2+

 and NaOH is shown in 

Fig. 14.  Upon addition of KBr, the amplitude of the peak at 257 nm decreases, but absorption in the 290 – 350 

nm region increases.  No changes are observed in the 370 – 450 nm region.  These results are most clearly 

illustrated by the difference spectrum shown in Fig. 15. 

   

 

  

Fig. 9. Ground state FTIR spectrum of 8.2 mM 

MV
2+

 in D2O.   

 

Fig. 10.  FTIR spectra of 3.9 mM MV
2+

 in D2O and 

MV
●+

 generated by adding Zn dust to 3.9 mM MV
2+

 in 

D2O. 

 

Fig. 7.  Difference spectrum subtracting absorption 

of 0.73 mM MV
2+

 in H2O from absorption of 0.73 

mM MV
2+

/2.02 M NaOH in H2O. 

 

Fig. 8.  Difference spectrum subtracting absorption 

of 0.46 mM MV
2+

 in H2O from absorption of 0.46 

mM MV
2+

/0.98 M NaOH in H2O.    

 



 

  

Fig. 11.  UV-VIS absorption of MV
●+

 generated 

by adding Zn dust to 3.9 mM MV
2+

 in D2O. 

 

Fig. 12.  FTIR spectrum of a 2.9 mM MV
2+

 solution 

before and after addition of 0.53 M NaOH.   

 

Fig. 13.  UV-VIS spectra when the specified 

volume of 1 M H
+
 was added to the specified 

volume of 4.7 mM MV
2-

/1 M NaOH. 

 

Fig. 14.  UV-VIS spectra before and after 

addition of  1.02 M KBr to a 0.47 mM MV
2+

/ 

1 M NaOH solution. 

 

 

Fig. 15.  Difference spectrum generated by 

subtracting absorption of a 0.47 mM MV
2+

/1 M 

NaOH solution from absorption of a 0.47 mM 

MV
2+

/1 M NaOH/1.02 M KBr solution. 

Fig. 16.  Absorption and emission spectra of a 

MV
2+

/NaOH solution that had been left exposed 

to light for three days.  Emission spectra were 

excited at 267 and 385 nm.   



 

Fig. 17.  Ketelaar plot for a series of solutions where the 

MV
2+

 concentration ranged from 4.6 - 7.3 mM and the 

NaOH concentration ranged from 0.49 – 2.31 M.  (The 

y-intercept of the best fit line is 1.8  ± 1.6 x 10
-4

 M
-1

 and 

the slope is 3.78 ± 0.15 x 10
-3

 M
2 
cm.) 

  

The emission and absorption spectra of the diluted 

MV
2+

/NaOH solution that had been left exposed to light 

for three days are shown in Fig. 16.  When exciting at 267 

nm, the emission shows an intense peak near 525 nm.  

Another much less intense peak is centered at about 400 

nm and tails off beyond 300 nm.  Upon excitation at 385 

nm, there is still an intense peak at 525 nm, but a second 

peak at 400 nm is not visible.  The intensity of the peak at 

525 nm was approximately 6.5 times more intense when 

exciting at 385 nm than at 267 nm.     

Ketelaar Fit.  Fig. 17 is a Ketelaar plot of the 

steady-state absorption data.  The y-intercept is 1.8  ± 1.6 

x 10
-4

 M
-1

 and the slope is 3.78 ± 0.15 x 10
-3

 M
2 

cm.  

Plugging in these values to solve for Δε and then K in (1) 

yields values of 5500 ± 4900 M
-1

 cm
-1

 for Δε and 4.8 ± 

4.2 x 10
-2

 M
-1

 for K.  The meaning and validity of these 

values are explored in the Discussion section 

 Computational Studies.  Using the parameters of di Matteo, the geometry of the optimized MV
2+

 

structure is described in Table 1.
36

  Since the results show good agreement with previous DFT calculations of 

MV
2+ 

and with experiment, B3LYP seems well-suited for MV systems.
36, 37

  The five most intense vibrations 

calculated for MV
2+

 are given in Table 2 and compared to experimental values.
33

  Once again, reasonably good 

agreement with experiment is observed and the vibrations fall within 50 wavenumbers or so of the true values.  

Table 3 shows the most intense vibrations calculated for the MV pseudobase (optimized structure shown in Fig. 

18).  Since the optimized geometrical parameters of the MV pseudobase were not essential to this study 

(calculating the vibrational frequencies was the chief priority), a full geometrical description is not given here but 

is available upon request.    

The vibrational signature of the MV pseudobase is quite different than that of MV
2+

.  In general, the 

pseudobase has more intense vibrations than MV
2+

 in the 1500 – 1700 cm
-1

 range.  Displacement vectors for the 

most intense MV
2+

 vibrations are shown in Fig. 19 (a), and displacement vectors for the most intense MV 

pseudobase vibrations are given in Fig 19 (b).  These vibrations look very similar and correspond to 

approximately the same motion in the two molecules.  However in changing from MV
2+

 to MV pseudobase, a 

slight shift to higher energies is seen and there is a large increase in intensity.  Similarly, the vibration calculated 

at 1597 cm
-1

 for the pseudobase corresponds to the vibration calculated at 1595 cm
-1

 for MV
2+

 but has an intensity 

over six times as large.  Therefore, the MV pseudobase has a vibrational spectrum that is distinct from MV
2+

 in 

the 1500 – 1700 cm
-1

 region.           

 

 

 

 

 

 

 

 

 

 

 

 

Parameter 
36

  Experimental
 37 

N1 – C2 1.353 A 1.344 A 

C2 – C3 1.387A 1.381 A 

C3 – C4 1.405 A 1.391 A 

C4 – C4’ 1.490 A 1.481 A 

C1 – N1  1.492 A  

C6 – N2 – C2 120.3° 119.9° 

N1 – C2 – C3 121.0° 120.8° 

C2 – C3 – C4 120.0° 120.5° 

C3 – C4 – C4’ 121.1° 121.3° 

C3 – C4 – C5 117.7° 116.6° 

C2 – N1 – C1 120.1°  

C2 – N1 – C6 – C1 0°  

φ 41.8°  

Calculated 

Frequency (cm
-1

) 

Experimental 

Frequency (cm
-1

) 
33 

Calculated 

Intensity 

1684 1643 193 

1595 1563 49 

1474 1445 36 

1198 1143 47 

849 825 83 

Table 1.  Geometrical parameters of MV
2+

 optimized 

at B3LYP/6-31+G* level of theory. 
Table 2.  Most intense vibrations of MV

2+
 calculated 

with B3LYP/6-31+G* 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion  

 TA spectra for MV
2+

 in water 1 ns after excitation at 266 nm match the steady-state UV-VIS absorption 

difference spectra in the 240 - 320 nm region very well.
1
  Fig. 20 plots scaled results of these experiments.  The 

remarkable agreement between the two suggests that the same species is producing the features observed in both 

spectra.  This change in absorption in the 240 – 320 nm region has been assigned to a ground state MV
2+

/OH
-
 ion 

pair. 

As support of ion pair formation, the difference spectrum in the 240 – 320 nm region looks very similar 

to difference spectra when MV
2+

 forms ion pairs with other anions, notably the MV
2+

/Cl
-
 difference spectrum 

reported by Bertolotti.
5
  In both cases, a negative band is observed near 250 nm and a positive band appears 

around 300 nm.  Thus, the difference spectrum appears to have the qualitative features one would expect for a 

MV
2+

/OH
-
 ion pair. 

 The observation that the maximum absorption of the species occurs at 295 nm in TA and steady-state 

experiments is also consistent with MV
2+

/OH
-
 ion pair formation.  The energy of CT peaks for MV

2+
 ion pairs can 

be predicted based on the IP of the donor molecule.  Fig. 21 is a graph of IP in water for several anions that form 

ion pairs with MV
2+

 vs. the energy of maximum CT absorption in eV.
5, 38

  The maximum CT absorption for the 

OH
-
 data point was taken from the steady-state difference spectra data.  From Fig. 21, it is clear that there is a 

linear relationship between IP of the anion and energy of the CT transition.  This makes sense in terms of the 

Mulliken charge transfer model, which can be described by the equation 

 

(2) 

 

where h is Planck’s constant, υCT is the frequency of the transition, ID is the IP of the donor, EA is the electron 

affinity of the acceptor, and Δ is a correction term that accounts for differences in potential energy.  Δ can be 

approximated as constant/ID – constant’  for a series of donors with a single acceptor molecule.
9, 39

  Substituting 

this value for Δ yields a parabolic equation, but the curvature is generally rather small for the range of ionization 

potentials encountered for donors, so (2) can be approximated with the linear equation  

 

(3) 

Calculated Frequency (cm
-1

) Calculated Intensity
 

1688 304 

1597 292 

1588 127 

1218 146 

945 80. 

Fig. 18.  Structure of MV pseudobase 

optimized with B3LYP/6-31+G*. 

Table 3.  Most intense vibrations of MV pseudobase 

calculated with B3LYP/6-31+G* 

Fig. 19.  Displacement vectors for the most intense vibrations calculated by B3LYP/6-31+G* for: (a) MV
2+

, (b) MV pseudobase 

(a) 

(b) (a) 



 

Fig. 20.  Scaled comparison of difference spectrum 

in Fig. 7 to TA of MV
2+

 in H2O 1 ns after excitation 

at 266 nm.   

 

 

where a and b are empirical fitting parameters.
4, 9

  Thus it is 

logical that a plot of the energy of maximum CT absorption vs. 

IP of the donor for MV
2+

/X
-
 (X = I, Br, Cl, SCN) would be a 

straight line.  This line predicts that the MV
2+

/OH
-
 ion pair

 

should have maximum absorption at 294.6 nm, which agrees 

with the experimental data.  Change in molar absorptivity at 

maximum CT absorption seems to follow a similar trend.  Fig. 

22 plots Δε at maximum CT absorption for several MV
2+

/anion 

ion pairs vs. IP of the donor.
38

  Again, there appears to be a 

linear relationship, with the experimental MV
2+

/OH
-
 data 

fitting on the line very well.          

The TRIR results confirm that no long-lived MV
●+

 is 

formed in water.  As shown by the studies of MV
2+

 in butanol, 

an increase in absorption should be seen around 1640 cm
-1

 in 

nsIR spectroscopy if long-lived cation radical is formed.  The 

ground state vibration giving rise to the MV
2+

 absorption at 1649 cm
-1

 is the one depicted in Fig. 19 (a) (which 

was calculated to be at 1684 cm
-1

 by the B3LYP calculations) and corresponds to a ring vibration in which the 

two halves of the molecule are out of phase with one another.
30

  When an electron is added to MV
2+

 to form the 

radical, the electron is delocalized over the molecule and shared between the two rings.
30

  During the course of 

the vibration, electron density is partially localized on one half of the molecule.
30

  The localization changes 

during the vibration, which results in a large change in dipole moment and produces a stronger vibrational 

mode.
30

  Computations have predicted an approximately fourfold increase in intensity.
30

  While a significant 

increase did occur, as is shown in Fig. 10, a fourfold increase was not observed upon radical cation formation in 

the steady-state IR experiments.  One explanation for this is that care was not taken to exclude oxygen from the 

spin cell used to hold the sample.  The radical cation can be oxidized by air, so complete radical generation likely 

did not occur.
40

          

Furthermore, the TRIR results provide strong evidence against the possibility of forming a pseudobase as 

the long-lived component.  Based on the computational results, if this was to occur, one should see spectral 

changes in IR absorption.  Specifically, significant increases in absorption should be observed in the 1500 – 1700 

cm
-1

 region.  Physically, spectral changes should be expected because the MV
2+

 ground state absorption at 1649 

cm
-1

 is a ring vibration and attachment of hydroxide to one of the pyridine rings to form a pseudobase changes the 

ring structure.
30, 33, 41

 Since one of the rings would no longer be intact, large changes should also be observed if 

ring opening followed pseudobase formation.  However, no long-lived changes in IR absorption are observed 

after MV
2+

 is photo-excited at 266 nm in D2O and the complete decay of the signal at 1649 cm
-1

 in the fsIR and 

nsIR experiments requires the assignment that the long lived transient observed in time resolved electronic 

spectroscopy is due to a state has no vibrational signature corresponding to ring motions. 

The assignment of the long-lived TA signal in water in the 240 – 320 region as the MV
2+

/OH
-
 ion pair is 

consistent with the acid quenching results of Henrich. et al.
1
  It has been found that the lifetime of the long-lived  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21.  Linear relationship between energy of 

maximum CT absorption
37

 and IP of the anion for 

several MV
2+

/anion ion pairs.
5
  

 

Fig. 22.  Linear relationship between Δε at 

maximum CT absorption
37

 and IP of the anion for 

several MV
2+

/anion ion pairs.
5
 

 



 

species is quenched at a rate of 3.1 x 10
9
 M

-1
 s

-1
 when 

nitric acid is added to MV
2+

 in H2O.
1
  The simple 

explanation that after acid addition more protons are 

near the MV
2+

/OH
-
 ion pair and a proton can react with 

hydroxide to break up the ion pair offers insight into 

why this occurs.  Thus, the shorter lifetime observed 

under acidic conditions agrees with ion pair formation.   

The small band at 385 nm in the difference 

spectrum is assigned to pyridone absorption.  This small 

positive feature is likely produced from a mixture of two 

different pyridones: 1’,2’-dihydro-1’,1’-dimethyl-2’-

oxo-4,4’-bipyridylium (2-one) and 3,4-dihydro-1,1’-

dimethyl-4,4’-bipridylium (3-one).  The 2-one is yellow 

and has an absorption maximum at 347 nm.
18

  The 3-

one is green and is characterized by an absorption maximum at 392 nm.
18

  As the maximum in the steady-state 

difference spectrum is intermediate of the maxima for the 2-one and 3-one, forming a mixture of the two 

pyridones is consistent with the results.  The gradual increase in absorption from 500 – 320 nm looks similar to 

the spectrum observed by Bahnemann in this region and suggests that other products are also being made in the 

steady-state experiments.
18

  No attempts were made to identify or quantify these other species.  The emission 

spectrum of the MV
2+

/NaOH solution is also supportive of pyridone formation.  MV
2+

 shows no emission when 

excited at 385 nm, so the intense peak at 525 nm must be due to something else.  Accordingly, the emission at 

525 nm agrees very well with pyridone emission described by Bahnemann.
18

  Similarly, the large difference in 

emission intensity at 525 nm when exciting at 385 and 267 nm indicates different species are primarily absorbing 

at 385 and 267 nm and further suggests pyridone has been formed.  The emission in the 350 – 400 nm region 

when exciting at 267 nm matches previously observed MV
2+

 emission.
2
  MV

2+
 emission is much weaker than 

pyridone emission, which accounts for the difference in sizes of the bands at 400 nm and 525 nm.    

As pyridone production is occurring in the steady-state experiments, it is natural to question whether the 

increase in absorption at 295 nm in the difference spectrum could be due to pyridone formation.  A simple 

examination of molar extinction coefficients eliminates this possibility.  Fig. 23 shows the molar extinction 

coefficients of MV
2+

, the 2-one, and the 3-one.
18

  At 295 nm, the molar extinction coefficient of MV
2+

 is larger 

than the molar extinction coefficient of either pyridone.  Hence, pyridone production alone could not generate the 

positive feature seen the difference spectrum at 295 nm.  In fact, pyridone formation would lead to a net decrease 

in absorption at 295 nm.  This further supports the assignment of the band at 295 nm to the MV
2+

/OH
-
 ion pair.  

Theoretically, pyridone formation could contribute to the negative band around 250 nm in the difference 

spectrum.  Indeed, the 3-one has a smaller ε value than MV
2+

 around 250 nm.   However, as is evident from the 

very small magnitude of the band at 385 nm, a very small amount of pyridone is formed.  Therefore, even though 

no attempts were made to quantify the amount of pyridone generated or the ratio of 2-one to 3-one, it is unlikely 

pyridone production could make a significant contribution to the negative band around 250 nm.  By comparing 

molar extinction coefficients, the magnitude of the change in absorption due to pyridone formation near 250 nm 

could be no more than about four times greater than the change around 385 nm (which would occur if only the 3-

one was produced).  Even in this scenario, the actual magnitude of the observed change in absorption in the 

difference spectrum at 250 nm is well more than four times greater than the change at 385 nm.  Thus the change 

due ion pair formation appears to be more significant.  Assuming a mixture of pyridones is produced, which as 

previously mentioned seems most probable; the change in absorption at 250 nm corresponding to pyridone 

formation would be even less significant.  Therefore, the features in the steady-state difference spectra from 240 – 

320 nm can be predominantly attributed to ion pair formation with pyridone production contributing only a small 

amount to the negative band at 250 nm.        

One can similarly question whether the absorption observed at 385 nm is truly from pyridone formation, 

or perhaps it is due to the MV
2+

/OH
-
 ion pair and happens to absorb in a similar region as the pyridones.  This 

seems very improbable.  In transient absorption studies, long-lived absorption is observed at 295 nm due to 

formation of the MV
2+

/OH
-
 ion pair but no long-lived signal is seen around 385 nm.  If the band at 385 nm in the 

difference spectrum was due to ion pair formation, a positive peak should appear in the transient absorption 

spectrum at 385 nm.  However, no such feature is observed.  The results of adding KBr to a solution of MV
2+

 and 

NaOH seem to support the assignment of the absorption at 385 nm as pyridone as well.  As is clear from Fig. 15, 

no change is seen to the band at 385 nm upon addition of KBr.  Since Br
-
 is known to form an ion pair with MV

2+
 

Fig. 23. Molar extinction coefficients for MV
2+

, 1’,2’-

dihydro-1’,1’-dimethyl-2’-oxo-4,4’-bipyridylium (2-one), 

and 3,4-dihydro-1,1’-dimethyl-4,4’-bipridylium (3-one).
18

   

 



 

for which the association constant is much larger than the one determined for MV
2+

/OH
-
 (K1 = 3.3 M

-1
 for 

MV
2+

/Br
-
), bromide should preferentially form a CT complex with MV

2+
 compared to hydroxide.  It seems this is 

occurring and is visible in the difference spectrum in Fig. 15 in the 280 – 340 nm region.  The spectrum changes 

significantly after adding bromide and shows maximum change in absorption around 300 nm.  As MV
2+

/Br
-
 ion 

pairs have been found to have a maximum change in absorption at 297 nm, the experimental results seem to agree 

with preferentially forming the MV
2+

/Br
-
 ion pair after bromide is added.  Since the absorption at 385 nm does 

not change upon addition of the bromide and MV
2+

/Br
-
 does not absorb at 385 nm, it does not seem logical that 

the band at 385 could be due to an MV
2+

/OH
-
 ion pair. 

The steady-state acid neutralization experiments were inconclusive.  For the experiments where 1 M H
+
 

was added to solutions with MV
2+

 and 1 M OH
-
 it is difficult to tell if the decrease in the amplitude of the band at 

385 nm is simply the result of dilution.  For the addition of 0.5 mL H
+
 to 0.5 mL MV

2+
/OH

-
 and 0.2 mL of H

+
 to 

0.4 mL MV
2+

/OH
-
 the change seems to be slightly more than what would be expected for simple dilution, but the 

magnitude of the change is so small that it is almost impossible to make any conclusions confidently.  Perhaps as 

an argument against pyridone formation, when excess 1 M acid was added to MV
2+

 with 1 M NaOH, the band at 

385 appears to have essentially disappeared.  Similarly, the fact that the band at 385 nm completely disappeared 

in experiments where >10 M H
+
 was added to 1 M NaOH (the band would only have been expected to decrease 

by 33% from dilution) does not seem to support the assignment at 385 nm as pyridone.  On the other hand, 

another possibility is that H
+
 can react with pyridone.  From the fluorescence studies, it seems very probable that 

the 385 nm peak is from pyridones.  A reaction between H
+
 and pyridone would seem to reconcile the results of 

the acid neutralization and emission experiments.  However, proof of such a reaction was not the objective of 

these experiments and was not sought.  To better quantify the results of the acid neutralization experiments, more 

tests would need to be done.  Overall, the evidence for pyridone formation is still much stronger and the 

absorption at 385 nm has been assigned to pyridones.  Although it would have been desirable, the acid 

neutralization experiments could not provide insight into confirming the increase in absorption at 295 nm as due 

to MV
2+

/OH
-
 ion pair formation either.  Since sulfate forms an association complex with MV

2+
, the change in 

absorption at 295 nm could not be monitored as function of simple dilution.
4
 

The cause of the shift in the FTIR spectrum upon addition of large quantities of NaOH to MV
2+

 has not 

been well identified but is believed to be due to some sort of a pH effect.  From experimental data, it does not 

seem very likely that such an IR shift should occur upon formation of a MV
2+

/OH
-
 ion pair.  Solutions containing 

MV
2+

 and large excesses of either Cl
-
 or Br

-
 showed no shift in IR absorption compared to solutions without 

excesses of the anions.  Also, no long-lived absorption was seen in TRIR studies in which the MV
2+

/OH
-
 ion pair 

is believed to be formed.  Thus, there does not seem to be convincing spectral evidence for IR shifts following 

MV
2+

 ion pair formation.  Furthermore, the observed steady-state shift does not seem to be well explained by 

pyridone formation because there is no residual absorption at 1650 cm
-1

.  As discussed above, it seems only a 

small amount of pyridone is being formed.  Therefore, even if a shift corresponding to pyridone production 

occurred, one would expect to see a large residual absorption at 1650 cm
-1

 from the MV
2+

 that has not formed 

pyridone.  The most logical conclusion seems to be a pH effect but an accurate description for why this shift 

would occur is still unknown.                                  
 With the peak in the difference spectrum at 295 nm assigned to the MV

2+
/OH

-
 ion pair, it is natural to 

attempt to determine details about the binding of MV
2+

/OH
-
.  Ideally, the first step is to construct a Job Plot to 

determine the stoichiometry of the complex.  This method is well described in literature.
11

  One measures a 

parameter proportional to complex formation, absorption for instance, while varying the individual mole fractions 

of the two species forming the complex but keeping total concentration constant.
11

  The parameter proportional to 

complex formation is then plotted against mole fraction of one of the components and the location of the 

maximum of this curve determines the binding stoichiometry of the complex.
11

  However, this method requires 

that the total concentration of the species be much larger than the dissociation constant of the complex.
11

  

Otherwise, a Job Plot will always determine 1:1 stoichiometry.
11, 42

  As is indicated by the Ketelaar Plot of the 

steady-state data, the MV
2+

/OH
-
 ion pair seems to have an association constant around 0.05 M

-1
,  which puts the 

dissociation constant on the order of 20 M.  Using concentrations of MV
2+

 and OH
-
 of this magnitude was not 

feasible, so the method of continuous variations could not be applied.        

 Assuming 1:1 binding stoichiometry, one can utilize the Benesi-Hildebrand (BH) equation or one of its 

analogues, such as the Ketelaar equation or the Rose-Drago (RD) equation.  These equations are derived from the 

general equilibrium expression: 

 

      D      +        A                           DA 

(donor)     (acceptor) 
K1 

(Equilibrium 1) 



 

 

 

One varies the concentrations of the donor and acceptor species and monitors absorption at the wavelength where 

the complex has maximum CT absorption to determine the K and ε values of the complex.
13, 15

  However, none of 

equations mentioned above taken into account the formation of 1:2 complexes described by 

 

 

 

   

or the formation of any other higher stoichiometery complexes. 

The BH equation was the first of these binding equations to be derived and many similar expressions 

utilizing different assumptions have followed.  The BH equation is quite simple and expressed by 

 

 

(4) 

 

 

where CA is the concentration of the acceptor, CD is the concentration of the donor, A is the absorption of the 

complex at the wavelength of interest, K is the biding constant for the 1:1 complex, εc is the molar extinction 

coefficient of the complex, and b is the path length of the cell.
12

  This equation assumes that neither the donor nor 

the acceptor species absorbs in the region of complex absorption.  In other words, only the complex absorbs in the 

region of interest.
12

  The RD equation is the most general of these binding equations.  It assumes the donor does 

not absorb at the maximum of complex absorption but allows for overlap of the acceptor and complex bands.
13

 

The RD equations is given by 

 

 

(5) 

 

 

 

where all of the variables are the same as previously defined and Ao is the absorption of just the acceptor species 

at the wavelength of interest εA is the molar extinction coefficient of the acceptor.
13

      

The Ketelaar equation (as well as the BH equation) is easily thought of as a simplification of the RD 

equation under certain conditions.
13

  The Ketelaar equation, which also allows for overlap of acceptor and 

complex absorption is   

 

(6) 

 

 

which is a simplification of the RD equation when the term (A/b – Ao/b) / (εc – εA) – CA is negligible compared to 

(CD * CA)*(εc – εA) / (A/b – Ao/b) - CD.
13, 14

    

For the present experiments, the Ketelaar equation was chosen for analysis because experimental 

conditions were such that (A/b – Ao/b) / (εc – εA) – CA was negligible compared to (CD * CA)*(εc – εA) / (A/b – 

Ao/b) - CD when hydroxide was the donor molecule, MV
2+ 

was the acceptor, and MV
2+

/OH
- 

was the charge 

transfer complex.  It is important to realize that 1:1 binding stoichiometry was assumed in this analysis.  While 

MV
2+

 predominantly forms 1:1 complexes with anions at relatively low anion concentrations, K2 values (as 

defined in Equilibrium 2) have been reported for MV
2+

/Cl
- 
and I

-
.
4, 6

  Thus, it is possible that MV
2+

 could form 

complexes with stoichiometries other than 1:1 with OH
-
.  To further evaluate this possibility, one could fit the 

absorption data assuming both Equilibrium 1 and Equilibrium 2.  However, this was not done because there 

seemed to be a good linear fit assuming just Equilibrium 1.  This suggests that formation of a 1:2 complex was 

not significant at the hydroxide concentrations used.  Indeed, K2 for MV
2+

 ion pairs is generally much smaller 

than K1 and 1:2 complexes generally only become significant at higher anion concentrations,
4, 6

 so it seems 

reasonable that a 1:2 MV
2+

/OH
-
 species would not form to an appreciable extent.  A good future experiment 

would be to use a larger range of hydroxide concentrations and see if/at what concentrations a second equilibrium  

 

  DA     +       A                            DA2 

K2 

(Equilibrium 2) 
 



 

Table 1.  K1 values for the 

association of MV
2+

 with 

several anions.  

expression is required to adequately fit the data.  This could establish when 

higher binding is significant and confirm that only 1:1 complexes were formed to 

an appreciable extent over the concentrations used in these experiments.  Overall 

from the experimental results, it seems very probable that only 1:1 MV
2+

/OH
-
 ion 

pairs were produced, but more work is needed to establish this definitively.    

The determined K1 value of 0.048 M
-1

 for the MV
2+

/OH
-
 ion pair is very 

small.  K1 values for other MV
2+

/anion ion pairs are shown in Table 1.
5
  One 

hypothesis for the low value is that hydrogen bonding can lower the value of the 

equilibrium constant.  The hydroxide of the MV
2+

/OH
-
 ion pair can hydrogen 

bond strongly with the water solvent.  As a result, complexation to form the ion 

pair must compete with hydrogen bonding, effectively reducing the binding 

constant.  Since anions such as chloride, bromide, and iodide do not participate in hydrogen bonding, it would 

seem reasonable that they have higher association constants.  However this description does not seem to be 

complete when the K1 values of CN
-
 and SCN

-
, each of which can hydrogen bond with water, are considered.   

Each of these anions has as association constant that is at least an order or magnitude larger than that of OH
-
, 

which is not consistent with the hydrogen bonding hypothesis.  Therefore, it is probable that a more detailed 

explanation than simple hydrogen bonding is needed to fully describe the qualitative trends in K1.           

It should be noted that the uncertainties in K (4.8 ± 4.2 x 10
-2

 M
-1

) and Δε (5500 ± 4900 M
-1

 cm
-1

) for the 

MV
2+

/OH
-
 ion pair are very large compared to the magnitudes of measurements themselves.  This occurred 

because the y-intercept of the Ketelaar fit was very close to zero.  With such a small y-intercept, small changes to 

the best fit line cause proportionally large changes in the y-intercept, which significantly alter the calculated 

values of Δε and K.  Therefore, when the y-intercept of a Ketelaar plot is close to zero, Δε and K are extremely 

sensitive to changes in the y-intercept, and it is difficult to determine small binding constants using Ketelaar 

analysis.      

 Given these problems with the Ketelaar fit, some effort was made to perform Rose-Drago analysis.
13

  

However, these efforts were generally unsuccessful.  It was difficult to reproduce results from one day to the next, 

and consistent values of K and Δε were not obtained.  These problems were not entirely surprising though and 

difficulties and inconsistencies in applying RD analysis (and more broadly BH type analysis in general) to 

determine the binding of weakly bound complexes have been encountered.
43, 44

  In some cases, BH type methods 

may only be capable of determining the product of K and Δε and not be able to reliably determine their values 

independently.
43

  As mentioned, for the steady-state UV-VIS absorption experiments, RD analysis did not yield 

consistent results from one experiment to another, so it is believed the method was not suitable for determining K 

and Δε independently and further RD analysis was abandoned.  

 With these limitations and the fact that Ketelaar analysis is another BH type method in mind, the reported 

K and Δε values for the MV
2+

/OH
-
 ion pair should be questioned, and the validity of the Ketelaar equation for 

MV
2+

/anion systems in general should be explored.  Following the exact same procedures used to generate the 

steady-state difference spectra of MV
2+

/OH
-
, solutions containing MV

2+
 associated with Cl

-
, Br

-
, and I

-
 should be 

made and studied using Ketelaar analysis.  If such experiments yield K and Δε values similar to previously 

published results, the method would be validated in a general sense for the systems being studied.  Furthermore, 

other more sophisticated methods for determining the binding of complexes with low association constants 

exist.
43, 44

  To more accurately determine the binding of the MV
2+

/OH
-
 ion pair, these modes of analysis could be 

applied.   

 Finally, it is appropriate to comment on the mechanism by which the MV
2+

 excited state decays when 

MV
2+

 is photo-excited in water.  The excited state lifetime is 3.1 ps in water and 5.3 ps in D2O.
2
  This isotope 

effect indicates that a proton coordinate must be involved in the decay mechanism.  Furthermore, there is no 

spectral evidence of radical cation formation.  The TRIR studies show no increase in absorption at 1650 cm
-1

.  

Although TA studies in both water and methanol show positive peaks around 400 and 600 nm after photo-

excitation, the shapes and ratios of the peaks are different, indicating that different species are being monitored.
2
  

In water, the long-lived signal in the 240 – 320 nm region has a lifetime of 1.68 μs, and has been assigned as the 

MV
2+

/OH
-
 ion pair.

1
  Given this information, the proposed stepwise mechanism is shown in Scheme 1and 

includes concerted proton coupled electron transfer (PCET).  After photo-excitation, a lone pair on the oxygen of 

water associates with MV
2+

*.  Simultaneous to electron transfer from water to MV
2+

*, a proton dissociates from 

water to the bulk solvent.  The gas phase IP of water (12.6 eV) is too high for MV
2+

* to simply oxidize the water.  

However, the proton  transfer event lowers the energy needed to take  an electron from water, so electron  transfer 

Anion K1 (M
-1

) 
5 

Cl- 1.7 ± 0.9 

Br
-
 3.3 ± 0.2 

I
-
 3.9 ± 0.2 

CN
-
 0.71 ± 0.04 

SCN
-
 2.0 ± 0.1 



 

 

 

becomes possible if the proton also dissociates.  It is believed that the 3.1 and 5.3 ps lifetimes correspond to the 

time required for solvent rearrangement in H2O and D2O, respectively.  After PCET, MV radical cation and a 

hydroxyl radical are formed but only exist for a very short amount of time.  As mentioned, there is no spectral 

evidence for radical formation in water.  Therefore, it is proposed that back electron transfer occurs from MV
●+

 to 

the hydroxide radical faster than the time resolution of the experiments to form the MV
2+

/OH
-
 ion pair.  As 

indicated by acid quenching TA experiments H
+
 recombines with the hydroxide of the ion pair at a rate of 3.1 x 

10
9
 M

-1
s

-1
.
1
  In neat water, H

+
 and OH

-
 recombine at a rate of 1.4 x 10

11
 M

-1
s

-1
.
45

  This slower recombination can 

be explained by Coulombic factors.  H
+
 and OH

-
 recombination in neat water is rapid because it involves 

oppositely charged species.  In the system containing MV
2+

 though, (MV/OH)
+
 must recombine with H

+
.  Each of 

these is a positively charges species, so it makes sense they would recombine much more slowly.  The PCET 

mechanism presented here is very interesting and is described in greater detail elsewhere.
1
   

  

Conclusions 
 

 MV
2+

 has been shown to form a ground state MV
2+

/OH
-
 ion pair when it is photo-excited in water at 266 

nm via concerted proton coupled electron transfer.  Accordingly, acid can react with the hydroxide of the ion pair 

and nitric acid quenches the long-lived signal at a rate of 3.1 x 10
9
 M

-1
s

-1
.
1
  The energy of maximum absorption 

for the MV
2+

/OH
-
 ion pair coincides with predictions based on Mulliken CT theory.  As shown by Fig. 20, steady-

state difference spectra of the ion pair match the TA data very well.  While more work is warranted, the 

association constant for the MV
2+

/OH
-
 ion pair has initially been found to be 4.8 ± 4.2 x 10

-2
 M

-1
.  This is a very 

weak association constant, and perhaps can be explained in part because OH
-
 can hydrogen bond strongly with 

the water solvent.  The corresponding Δε at 295 nm should also be interpreted cautiously and has been 

determined to be 5500 ± 4900 M
-1

 cm
-1

.  According to Fig. 22, Δε agrees well with values for other MV
2+

/anion 

ion pairs.  The fact that no long-lived changes in IR absorption are observed after photo-excitation of MV
2+

 

eliminates the possibilities of forming a pseudobase as the long-lived state.  Therefore, it has been concluded that 

the 1.68 μs lifetime component characterized by transient absorption in the 240 – 320 nm region is due to the 

formation of the MV
2+

/OH
-
 ion pair.    
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