N\

C00-2889-6

A PREVIOUSLY UNREPORTED‘INTENSE,ABSORPTION BAND )

AND THE K, OF PROTONATED TRIPLET
METHYLENE BLUE

T. Ohno, T. L. Osif and N. N. Lichtin*
Department of ChemistryA
Boston University
. Boston, MA. 02215

1979

;,* Address all corréspondénce and send

_reprints to this author.

" DISTRIBUTION OF TH‘ISAD.OCUMENT IS UNLIMITED. ‘

NOTICE
This report was prepared 8s an account of work | !
sponsored by the United States Govemment. Neither the
United States nor the United States Department of
Energy, nor any of their employees, nor any of their
contractors, subcontractors, of their employees, makes
any warranty, express of implied, or assumes any legal
liability or responsibility for the accuracy, completeness
or tness of any inf ion, apparstus, product of
process disclosed, or represents that its use would not
infringe privately owned rights.

ot

»



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



" of “the 'same species, MB+(Ti) and ‘MBH

" ABSTRACT

Exc1tat1on by a Q sw1tched q1ant ruby laser (1.2 joule output

“at 694 nm, w50nsec f]ash) of 2-10 uM solutions of methylene blue in water,

30% ethano] in water or 50 v/v% water - CH3CN at pH values in the range

2. 0 - 9.3 converted the dye essent1a11y completely to its T] state. 'The

‘ absorpt1on spectrum of T] dye was measured in different media at pH 2.0

and 8.2 by k1net1c spectrophotometry Prev1ous]y reported T-T

vabsorpt1on in the v1o]et in ac1d1c and a]ka11ne solutions and in the near -

1nfrared in a]ka11ne so]ut1on was conf1rmed Values found for these

' absorpt1ons in the present work with 30% ethanol in water as so]vent are

Amax ~ 370 nm"emax ~ 13,200, M ] cm -1 -at pH 2 and Anax ™ 420 nm, emax v
1 -1 -1 —] '

9,000 ™' em', A~ 840 nm, e ~20,000 M°' cm™' at pH 8.2. Long-

wavelength T-T absorption in acidic solution is reportedjhere for the

first time: Ama* ~ 680nm, e .~ 19,000 Mf] cm™! in 30% ethanol in water

“at pH'Zt Observation of a pH—independent.isobestic point ~ 720 nm cbnfirms'

that the 1ohg—wavelehgthfebsorptionS»éreidueito different-protqhated'stetes :

2“‘(T]'). The pK, of manet

determined from the dependence on pH of absorption at 700 and 825 nm to

(T]) in water was

be 7.14 + .1 and from the kinetics of decay of trip]et absorption to be
7.2. The speeifte rate of protonation of MB+(T]) by H2P04' in water at

pH 4.4 was found to be 4.5 + .4 x 108 Mfl sec™.

INTRODUCTION

The propert1es of the tr1p1°t state of - methy]ene b]ue are of

. considerable interest because of the ut111ty of this state as a sens1t12er,

e.g., for generation of singlet oxygen (Nillson, Merkel and Kearns, 1972),




' the pKA Qf its conjugate acid, MBH

A(max

and as a reversible photooxidant applicable, e.g., to photoga1vanie
systems (Ni]des,'Lichtin, Hoffman, Andrews and Linschitz, 1977)

( ' The Towest triplet state of methylene b]ue is a much stronger_u
base than 1s the singlet ground.state of the dye. Several values of o

2+ (T]), have been reported:

_ ... 6.7 (Kato, Morita and Koizumi, 1964), 6.8 (Matsumoto, 1964), 7.5 (Faure,
‘Bonneau and Jussot-Dubien (1967), and 7.7 (Roitman and Chibisov, 1971).
“These values can be.compared with PKy of MBH2+(S ) = 0.0 (Keene, Land and

“'Swa11ow,41965) Many propert1es of tr1p1et methy]ene blue depend on 1ts

state of protonat1on, e.g., absorpt1on spectrum (Faure et al. 1967,

" Roitman and Chibisov, 1971), intrinsic 1ifetime (Bonneau,'Forn1er'de';

Violet and Joussot- Dubien, 1974), reactivity (Bonneau, Fornier de‘Vfo]et-

. and Jou=sot Dub1en, 1974 Bonneau, Pott1er, Bagno and Joussot Dub1en,

1975) and redox potential (Vogelmann, Schreiner, Rauscher and Kramer, 1976)

These differences, together with the proximity of the pKA of MBH2+(T]) to

ithe ‘pH of neutral water, increase the value of a precise knowledge of ‘the -

magnitude of this pKA.

' This paper describes detection and characterization;'with the
aid of a pulsed (Q-switehed) ruby laser, of previously unreported intense
> 14, 500 M ] ], depending on sd1vent) absprptioniby protonated dye,
MBH (T ) around 700 nm. "It also reports the redeterm1nat1on of the pKA
of MBH2 (T ) from the pH dependences of the absorpt1on of tr1p1et methy]ene
blue at 700 and 825 nm and of the 1ntr1ns1c rate of decay of the tr1p1et

state. Measurement of the prev1ous1y unreported spec1f1c rate of protonat1on

of mp* (T]) by H2PO4 ions is also described.
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MATERIALS AND METHODS

- Materials

| Water was either labbrafory disti]]éd wafer which had been
further}pgrifﬁed by passage thrqugh a Mi]]ipofe dejonizer and filter or.
was Belmont bottled distilled .water. A1l other so]venfs and'geagentﬁ
were used as supplied. These included Fluka puriss methylene blue
ch]bride, Burdick and Jackson UV grade écetonitrile; U.S.I reagent
qua]ity ethanol, Baker's "ana)yzed" KH2P04, Mallinckrodt analytical
grade potassiﬁm biphtha1ate, Fiéher Certified ACS grade Na28207']0H20
and hydroch]oric.acid,and Baker's analyzed sulfuric acid.

- Aquéous écetonitri]e, 50 v/v%, Was,prepared by mixing equal

volumes of water and CH3CN while 30% ethanol in water was-prepared.by

N di]uting<304pafts»by vblume of ethanol tp 100-w1th watér.‘

Water of hydration in the methylene blue chloride was determined

by loss of weight to constancy on storage in a vacuum desiccator over

Driefite and‘amounted to 3 molecules of watef ﬁer mo]ecu1e cf dye (Ray;

1977).. The corresponding molecu1ar'weight, used in cé]cu]atingAa values

in this work, is 374.

A11 test solutions were deaerated by purging for 15-20 minutes
with'deoxygenafed nitrogen which hdd first been bubbled through'the same

solvent used in the test solution. The nitrogen was deokygenated by

"bubbling through a éhromous/zinc—ama]gam solution.

'Aggaratus-

A Holobeam Series 630 Laser System with a Q-switched ruby laser

'capab1e of providing up to 3.6 Joules. per flash at 694.3 nm wﬁth a nominal

 pulse width of 19 nsec was used. Measured values of the flash width at



‘haltheightlwere n28nsec at 1.8J and ~ 50 nseé at‘1.2J. ‘The cross-section
of the laser beam was expanded by two cylindrical lenses to illuminate ai]
~of the 2.2 cﬁ-]ong cell. Variations in the intensity of the incfdent_]asef
" pulses were monitored by ref]ectiﬁg a sample of the beam with é mi;roécopy
~slide onto a Hewlett-Packard hp 2 42b3 808 PIN photodiode and measuring
- the integrated photocurrent using sample and hold electronics similar to
those described by Davies and Hodgkinson (1972). This monitoring syétem4was .
“calibrated againét a Quantronik 504 Energy-Power Meter.
Samp]es vere mon1tored optically by a probe beam oriented’
perpendicu]ar to the laser beam. The probe-beam was prov1ded by a 100W,
12V Oriel quartz haTogénA1amb with'a 2.3 x 4.2 mm filament in series with
a power-dropping resistor and an NJE Corp. model RSE 18 régulated cohstanff'
voltage DC power. supply. . The lamp was operated at 10V and, to 1ncfease
the ]igﬁt intensity, could be puised to 16V by shorting the resistor
(Claesson, Finnstrom and Hunt, 1975). A series of fused-silica lenses
was used to collimate the probe-beam, focus it through the cell, recolli-
| mafé it and focus it on the entrance slit of an Orfe]‘7240'§ratingfmono-
chromator. One or more cut-off filters were placed befween the sample
cell and the monochromator to minimize 694.3 nm light and/or-betwéen the
monitoring lamp and the cell %o minimize'photo1ysié. ‘A rotating-sector
shutter placed ih the probe-beam minimized illumination of the samp]é.
Three micrd-swjtches activated by cams attached to the shutter shaft
were used.  0ne assured that the shutter never stopped in a. position
- which would keép the lamp operating-at 16V. Another controlled the timing
and.width of the probe lamp pulse. The third provided a timing signal, when

the probe lamp reached,méximum intensity, which initiated the time séduence



of~firing the laser f]ash'lamp, starting the oscilloscope sweep and
" firing the Pdcke]s cell.Q-switch. o | |
Intenéity"bf'the monitoriné 1igﬁt was measured by 2 Hamamatsu
!AR955 photomultiplier tube and a‘Tektrohix 466 storage oxcil]osgope, In
some casés,a fast preamp]if{er incorporating an Ana]og Devices 500 FET
amplifier was used. Photographs of oscilloscope traces were enlarged
by projecting them onto coordinate paper and traéing the image.

Cells were of Pyrex with Pyrex windows attached by a silicone .
adhesive or were fabricated of quartz without .use of -adhesives.

Measurements

‘ Transient‘absorptioh spectra~were-measured by kinetic Spectro- -
photometry. Prbmpf transient changes in absorption were directly measured
within 200nsec after the flash. In some cases, prompt transiént changes
at 650-900 nm were ca]éuTated by extrapolation of the first order decay
of absorption. A |

- A PHMSZ Standard pH meter (RADIOMETER Copenhagén) was used to

measure pH.

RESULTS
Since the intrinsic lifetime of the tr%p]et.i$’4.5 usec in acid-
sb]ution and more than,an ordeerf magnitude greater at alkaline pH, essen-
tia11y ;omp]ete conversion of methylene blue fo its trib]et state can‘bé
* inferred from.the constancy (4% for 10Af1ashes) of prdmpﬁ éhanqes in
. absorbance obtained with. Taser f]ash-enefgy in the rahqe 0.45 - 1.4éJ. With
élflash—energy of 0.25J, AOD was about 10% sma]]er} AAf]ash eneray of 1.2J

‘was used routinely in this work.



" T-T Spectra -

Differencé spectra af 300 - 900 nm were measured in .01M
acid in various media andlat pH 8.2'in 30% ethanol in water (boréte
buffer). Assuming complete conversion of dye to its triplet state,

A differential -absorbances are given by Eq; 1,

"(AOD)A.zi[Dye]tota1 {EI ) ei} % : (1)
whefe eI and si are the mp]ar'absorbangy indices of, respectjve]y, the
trip]et and singlet dye In all of thé wbrk repofted here, ground-state
methy]ene blue was unprotonated MB wh11e the state of protonat1on of
the triplet varied w1th_pH from 3MBH2 to 3MB+ As shown below, under
all conditions used to measure triplet spectra, équi1ibration:of proton-
ation of the trfp]et was essentially complete on the time scale of .
measuremerit of prompt signals.

Differential absorbances vere observed to decay to zero at
first order rates which, at a given pH, were independent of wavelength.

_ Of part1cu1ar 1mportance was the observat1on that, in .01 N acid, the
rate of decay was the same at 370 nm, in a band previously assigned to
3MBHZ+ (Kato et a].,A1964) and at 710 nm, in the band which is ﬁeported
here for the first time. The observed differential spectra are therefor |
attributed to methylene blue triplet. |

| Typical differential spectra in .01_& acid and at pH 8.2 are
plotted in Fig. 1. T-T spectra calculated by means of Eq. 1 from-
differentia] ;pé;tra measdred_withIS uM solutions 6f,methy1ene_b1ue in

various media containing .01 N acid'are.plotted in Fig. 2. S-S spectra,'

in the same media are superimposed to facilitate comparison. A similarly
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determined T-T spectrum at pH 8.2 in 30% ethanol in water is shown in -
Fig. 3. Principal spectral features are summarized in Table 1. Wildes

et al. (1977)‘have reported that ey, at Améx of the T-T absorption of

4 -1 -1

‘methylene blue is 7,000 x 10" M~ cm in .01 N aqueous sulfuric acid

-and 14,000 Mf] en”) in .01 N H,S0, in 50 v/v% aq. CHsCN. These values

were, however, based on the assumption that the molecular weight of the
same batch of dye as was used in the present work was 342 (Wildes, 1979).
" Correction to the molecular weight used in the present work, 374, giveé

€370 values of 7,700 in water solution and 15,300 in 50 v/v% aq. CH,CN.

3
The latter value is the same as that reported here for .01 N HCl1 in

" 50 v/v% aq. CH3CN but the 1977 value in .01 N aq. H2504 appears to be

= 420 nm for absorption

- of triplet methylene blue in alkaline solution with e .. = 9,000 ﬂf] cm-]
in water (Danziger, Bar-E1i and Weiss, 1967), 7,500 Mf] cn”! in ethanol

anomalous. Several workers have reported Anax

(Kikuchi, Kokobun and Kikuchi, 1975) and 11,000 in methanol (Kayser and
Young, 1976). Previous reports are also in reasonable agreement with the’

present characterization of the absorption of triplet methylene blue in-

the near infra-red in alkaline solution: Apax = 840 nm, €max - 18,000
(Danziger et al., 1967); Apax = 856 nm, e .. = 24,000 Mf] e in ethanol.
(Kikuchi et al., 1975); eg,c = 18,000 M- en™' in water |

"~ (Faure et al., 1967).

 pK, _of 3MBH2+ in H,0 Solution”

The data used to determine the pKA of 3MBH2+ are summarized in

Fig. 4. The inflection points of the plots of AOD vs pH at 700 and 825 nm
give pKA = 7.22 and 7.06, respectively. The same results are obtained

by fitting the data to Eq. 2:



' ‘ 3 42+ -
M .
PH = pKy - Tlog Lg—ﬁé——l - , (2)
: ["MB ] ' '
Similarly, pKA of 3MBH2+ can be evaluated from the dependence on pH of

k the intrinsic rate of .decay of triplet dye as measured at 700

decay’
and 720 nm in acid solution, 700, 720 and 825 nm at pH values near 7.2,
and at 720-and 825 in alkaline solution. This method depends on equili-

bration of protonation being much faster than decay. From Eq. 2 it is

“apparent that pK, = pH when [*MBH™'] = [*18"]. At this pH, kgzzay =
(kMBH2+ kMB+' Y/2 = 1.25 x iOS sec_] according to data presentéd in
decay decay ) ’

ng.'4. ~This analysis gives pKA = 7.2. The mean value obtained from the
three measurements is 7.16 with a standard deviation of .087.

The dependence of the pseudo first-order rate of protonation

of 3MB+, monitored at 810 nm, upon the concentration of KH2P04 is shown

" in Fig. 5. These data correspond to Eq.-3:

kexp = -kH+[H ]. + kH2P04-[H2P04 1. | (3)

9 -1

-1 < ' oo
sec ', essentially the same as has been

reported for thionine triplet, 7.4 x 10° Mf] sec”! (Bonneau and Stevens,

8 Mf] sec”!. Under conditions similar to

They yield k+ = 7.5 x 10 M

1972),and k = 4.5+ 4 x 10

H2P04'

those of Fig. 3, the pseudo first order rate of protonation of 3MB+ at bH = 7.2
= _pKA of H2P04'xion, can be estimated easily by recognizing that

[H2P04 ] =‘[KH2P04]Stoich/2' With [KH2P04]stoich = .025 M at pH 7.2,

6 -1

the calculated rate of protonation is 5.6 x 10” sec ', 45 times the

measured rate of decay of triplet dye at this pH. No significant error

3

in determination of the pKA of MBH2+ from the pH—deﬁendence of the rate

/
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of decay of the triplet can, therefor, be ascribed to deviation from
~ protonic equilibrium around bH 7.2.

The value of the ﬁKA of 3MBH+ reported here falls very nearly
at the'h{dpofnt of the four 1ﬁterature values, 6.7 (Kato et al., 1964);
6.8 (Matsumoto; 1964); 7.5 (Faure et al., 1967) and 7.7 (Roitman and
T Chibisov, 1971). The high value reported by Roitman and Chibisov may
be in error because they measured absorbance at 825 nm 110 usec after
the beginning of a 40 ué flash. Some of the observed decrease of absor-
bance at 825 nm with decreasing pH around neutrality was due to rapid

decay of SMH* (« = 4.5 usec) and associated rapid conversion of Mg’

to maHeT.

This decay would be expected to shift the midpoint of the |
observed plot of absorbance vs pH to a highef va]ué of the pH and result
in-an erroneously high'pKA. The measurements of Faure et al. are sdmewhat
subject to the same criticism since they measﬁred absorbance 10 usec after
the beginning}of a 2.5 usec flash. The re]qtive]yvlow value of Kato et a]i
may have been influenced by the use of acetate buffers. Around pH 7 only
"about 2% of the buffer is present as HOAc. Even if this reacts at.a
diffusion-controlled rate, the~c6mpositions measured ih Kato's steady-

- state measurements probab]y contained a Targer‘proportion of 3MB+”tha'n o
they would at equf]ibrium. The measurements of Matsumoto {1964) did not

involve obvious errors due to rapid decay of 3MBH2+

or to slow protonation
However, the value, pKA = 6.8, which .he reports was estimated from minimal"
observations. Other possible sources of divergencé among pKA values

include differences in temperature and jonic strength.
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DISCUSSION

2+

It is worth. noting that-3MBH and MB+(86) both absorb strongly

in the same wavelength region with the integrated intensity of the band

of 3

MBH+ ~  20% of the ground-state absorption. This coincidence, taken
together with the 4.5 usec 1ifetime of 3MBH+, greatly increases the
possibility of 2-photon excitation of methylene blue when its solutions

are illuminated in the 665 nm band at pH <-7.2. Obviously,such 2-photon

- . excitation will be particularly prominent when extensive population

inversion is effected, as with the 694.3 nm ruby laser. One possible
consequence is photodecomposition of the dye. We have, in fact, observed
7% decomposition of dye in acid solutions in water and 30% ethanol in water

after 30 - 1.2J flashes.
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TABLE 1

Principal Features of Absorption Spectra of

T, and S]‘States of Methylene Blue?
Medium | CT7-T Absorption’ S-S Absorption
. ' ' R -1 -1
Mnax> MM Epax> M ocm *max*> ™ ©max’ M em
.01 N aq. st04b 690 14,500 665 74,000
| 370 12,500
© .01 N H,S0,, 30% 703 18,700 665 79,000
EtOH in water? 630 19,000 |
1370 13,200 .
.01 N HC1, 50 v/v% 670-710 216,200 662 91,000
aq. cH0® 370 15,300
'pH 8.2, Borate Buffer, 840 ~ 20,000 665 82,000
30% EtOH in water® 420 9,000 |

a. Values of e based on weights of solute and mol. wt. of. 374 (MB+C1'-3H20).
Values are uncorrected for dimerization. ‘
b. [Methylene Blue]~ 5 uM.

c. [Methylene Blue]~ 2 uM.
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LEGENDS TO FIGURES

1.. Triplet-Singlet difference spectra resulting from illumination of
5 uM methylene blue chloride with a 694:3 nm laser flash: & in
.01 N aq. HéSO4; A in 30% aq. ethanol buffered at pH 8.2 with

‘borate.

2. S-S, —, and T-T, Sy absorption spectra of 5 yM methylene blue

~ chloride in .01 N_Acid: A) .01 N aq. HZSO B) .01 N solution

4
of H2304 in 30% aq. ethanol; C) .01 N solution of HC1 in 50 v/v%

aq. CH,CN.

3

3. S-S, —, and T-T, ***, absorption spectra of 2 uM methylene blue

'ch1oride buffered at pH 8.2 in 30% aq. ethanol by borate.

4, Determinations of'pKA of 5.4 pM triplet methylene blue in aqueous
solution. By pH—dependehée of T-T absorbance at A, 700.nm;t§§ s
-720 nm (isobestic point), C), 825 nm. By pH-dependence of rate
of intrinsic decay of the triplet. Buffers: pH 4, .025 M
pﬁtha1ate; pH 5.8-8.0, .OZSZM_phosphate; pH 8.2-9.3, bdfaté; :

5. Dependence of rate of protonation of 10 uﬂ_jMB+_on [KH2P04] in

aqueous solution at pH 4.4.
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