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 AQUEOUSSOLUTIONS OF hlETHYLENE BLUE
 
 motic coefficients4can be used to predict the variation of a12and azl with ionic strength if 8' = 0.190 (obtained a t I 2 3) is assumed to be independent of ionic strength. (c) The best values of the Harned rule coefficients in the ionic strength range from 1 to 6 are a12 = 0.048 * 0.003 and cy21 = -0.035 f 0.005, essentially independent of ionic strength. There is no clear reason for the discrepancy between our measurements and those of Lanier, but we believe our values of Harned rule coefficients are more likely to be correct, since they have been obtained by two independent experiments using both chloride-reversible and sulfate-reversible electrodes, and are also consistent with a thermodynamically based extrap-
 
 olation from higher ionic strengths, where our results are in agreement with those of Lanier. The behavior of the Harned rule coefficients for this system at ionic strengths below 0.5 is not yet established. This is of theoretical rather than practical interest, since in this range even large deviations from the above values will not introduce appreciable error in calculated activity coefficients. Acknowledgment. This work was supported by the U. S. Department of the Interior, Office of Saline Water. The authors thank Dr. R. A. Robinson for reading the manuscript of this paper and making several helpful suggestions.
 
 Evidence for Trimerization in Aqueous Solutions of Methylene Blue' by Emory Braswell Contribution N o . 160 of the Institude of Cellular Biology, Biochemistry and Biophysics Section, Unizersity of Connecticut, Stows, Connecticut 06268 (Receiced December 19, 1967)
 
 The absorption spectra of aqueous solutions of methylene blue over the concentration range from 6 x lo-' KD
 
 +
 
 KT
 
 to 6 x 10-2 Jf can be described by assuming a simple reaction, i e . , 3D+ e DZ2+ D + Dsa+,where the equilibrium constants are approximately the same. Vapor pressure osmometry measurements have confirmed that the degree of aggregation asymptotically approaches 3 as the dye concentration increases.
 
 The behavior of the absorption spectra of certain basic dyes upon increasing the concentration of an aqueous solution of the dye is well known and usually evinces itself as a blue shift of the major absorption band. These deviations from the Beer-Bourget absorption law have been ascribed to the aggregation of the dye molecule (see, for example, ref 1-S), which presumably is brought about by dispersion forces arising from the delocalized x The role of water in the formation of these aggregates, either as a dielectric sandwiching between the dye molecule^^^^ or as a former of hydrogen bond^^^'^ has been found to be of great importance. Nost attempts to study this aggregation quantitatively have been limited to considering only d i r n e r i z a t i ~ n , ~ , even ~ , ~ , ' though ~ many authors note that higher aggregates probably also form,2,4,6,8,10 I n a series of articles, Hillson and McKay,11~12 IlcKay and Hillson, 1 3 , 1 4 and McKay1S*16 presented evidence to back their belief that the metachromasia of dyes observed in solvents of low dielectric strength was due to strong interactions between dye ions and counterions to produce an undissociated dye in which the ions are
 
 in intimate contact and are not separated by solvent molecules.13 I n one article they suggest that aggregation probably does not occur at all in solvents of very low dielectric strength,l4 even though metachromasia is (1) G. Scheibe, Angew. Chem., 50, 212 (1937). (2) G . Scheibe, Kolloid Z., 82, 1 (1938). (3) G. Scheibe, Angew. Chem., 52, 631 (1939), (4) E, Rabinowitch and L.' F. Epstein, J . Amer. Chem. SOC.,63, 69 (1941). (5) S.E. Sheppard and A. L. Geddes, ibid., 66, 1995 (1944). (6) S. E. Sheppard and A. L. Geddes, ibid., 66, 2003 (1944). (7) L. -Michaelis and S. Graniok, ibid., 67, 1212 (1945). (8) T. Vickerstaff and D. R. Lemin, Nature, 157, 373 (1946). (9) G. R. Haugen and E. R. Hardwick, J . Phys. Chem., 67, 725 (1963). (10) M. E. Lamm and D. M. Neville, Jr., ibid., 69, 3872 (1965). (11) P. J. Hillson and R. B. McKay, Trans. Faruday Soc., 61, 374 (1965). (12) P.J. Hillson and R. B. AMcKay,Nature, 210, 297 (1966). (13) R. B. McKay and P. J. Hillson, Trans. Faraday Soc., 61, 1800 (1965). (14) R. B. LMcKay and P. J. Hillson, ibid., 62, 1439 (1966). (15) R. B. McKay, ibid., 61, 1787 (1965). (16) R. B. MoKay, Xa'uture, 210, 296 (1966).
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 2478 evident. In a later article, they imply that even when the dye is in the presence of a chromotrope in water that metachromasia occurs largely as a result of the interaction of the dye cation with the polyanion, resulting in a perturbation of the charge distribution of the dye cation.lZ In a recent paper, however, they concede that dimerization of the dye is an important cause of metachromasia in water and that this is due to the tendency of water molecules to self-associate, giving rise to strong hydrophobic bonding between dye molecules. l7 Many studies have been limited to the consideration of dimer formation, because over the easily measured absorption range (corresponding to concentrations of from ca. to ca. 10-3M), the long-wavelength absorption peak (a peak) decreases and the intermediate wavelength absorption peak (p peak) increases in such a manner as to form an isosbestic point, indicating that primarily there are present only two absorbing species. A second reason for considering only dimer formation has undoubtedly been the formidable calculations made necessary by higher aggregate models. Examination of the experimental data for methylene blue (measured over a concentration range of from 6 X to 6 X M ) clearly indicates the presence of at least three absorbing species (see lines in Figure 1). This study undertakes to test two models, each involving the presence of three absorbing species. The first model assumes that dye monomers, dye-aggregate end molecules, and dye-aggregate interior molecules each have their own characteristic absorption spectrum which obeys the Beer-Bourget absorption law. Therefore, the optical density of such a solution can be represented by ODX = E$C1 Ez’Cz E,XC3 (1)
 
 +
 
 +
 
 at any wavelength. In this equation ElXand E$ are the molar extinction coefficients per mole of dye monomer which can be obtained by extrapolating the observed extinction (ODICT, where OD is the observed optical density and CT is the total molar concentration of dye in terms of monomer units) to zero and infinite concentrations, respectively. By realizing that each dye molecule has two reactive sites and by assuming the equilibrium 2(sites) bond
 
 6.0 I
 
 5500
 
 6000
 
 6500 A,
 
 7000
 
 h.
 
 Figure 1. Absorption spectra of aqueous solutions of methylene blue a t various dye concentrations. In each case the points represent the values calculated from the trimerization model and the lines represent the measured values: curve A, 3.45 X 10-5 M (agreement was perfect M ) ; curve a t all concentrations below this, down to 6 X B, 2.09 X M ; curve C, 3.02 X M; curve D, 6.43 X M.
 
 To arrive at expressions for C1, C2,and Car one must evaluate the probability of the formation of each of these species. The expressions are
 
 c1 = C T ( 1 c 2
 
 - P)Z
 
 = 2cTP(1
 
 (3)
 
 - P)
 
 (4)
 
 and
 
 cs = CTP2
 
 (5) The problem then resolves itself into one of the solving five equations containing six unknowns (Cl, Cz, CS, Ez’, P , and K ) simultaneously. One cannot invoke a sixth relation using the conservation of mass principle; ie., CT = Cl Cz Ca, and this is already implicit in relations 3-5. Therefore, one must take the results of experiments at two concentrations to get enough equations to obtain solutions for all the unknown terms. This then reduces the problem to the simultaneous solution of two rather complicated quadratic equations. The second model considered in this study is one involving the trimerization of the dye, wherein
 
 + +
 
 2D+
 
 K = - [bonds] [sitesJ 2
 
 -
 
 D22+
 
 +
 
 DZ2+ D +
 
 D33+
 
 with the applicable equilibrium constants defined in the usual way, e.g.
 
 and bonds __ P = reacted sites - _ total sites CT
 
 and eq 7.
 
 it follows that D
 
 K =
 
 1
 
 4 C ~ ( 1- P ) z
 
 The Journal of Physical Chemistrq
 
 (2)
 
 (17) R. B. McKay and P. J. Hillson, Trans. Faraday Soc., 63, 177 (1987).
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 (7) The observed optical density is the sum of the contributions of each species and is
 
 where El’, EZX, and Eghare defined as before, e.g., in terms of monomer units. Finally, one has the conservation of mass relation CT
 
 =
 
 c1 -t 2c2 + 3c3
 
 (9)
 
 This model, therefore, yields four equations and six unknowns (Cl, Cz, Cs, E2’, K z , and K3), which could be reduced to one cubic equation with three unknowns. It is then possible, in principle at least, to make measurements at three different concentrations and to solve the three cubic equations simultaneously. I n practice, however, tliis is hardly feasible and the techniques actually used will be described in a following section. Consideri3;tion of activity coefficients leads to the conclusion that they can be ignored. They would normally be introduced, for example, into eq 6 in the following way
 
 y3 would be introduced into eq 7 in a similar manner. If one assumes that the Debye-Huckel limiting law is valid, it can be shown that
 
 Therefore, the ratios of activity coefficients that appear in the equilibrium equations are always equal to unity.
 
 Experimental Methods and Results I. Dye Pu$ication. Attempts to prepare gram quantities of pure methylene blue by means of either silica gel or filter paper fiber column chromatography turned out to be impractical, although small quantities of relatively pure material could be so obtained. Instead, use was made of the familiar Hinsberg method (see, for example, ref 18) for separating primary, secondary, and tertiary amines. Therefore, the following procedure was used. Methylene blue (6.7 g) was dissolved in 200 ml of warm water; to this was added 50 ml of benzene sulfonyl chloride, and the mixture was cooled. Then 200 ml of an aqeuous solution containing 50 g of KOH was added slowly while the mixture was cooled in running tap water. This mixture was then placed in the cold
 
 room and was stored for several hours. This solution was filtered and the precipitate was washed with ether in order to remove the amides formed from the secondary amines. The precipitate was redissolved in water and the entire process was repeated. Finally, the precipitate was dissolved in water and was filtered; the p H was adjusted to 1.0 using HC1, and the solution was allowed to stand in the cold room for 3 hr. Filtration yielded 2.6 g of a semicrystalline black material which had a golden sheen. Chromatographic analysis of the purified dye using Eastman thin-layer silica gel Chromagram sheets and methanol-acetic acid (9 : 1) as the developing solvent yielded a slowly moving intense blue spot which had an Rf value similar to that of the slowest spot found using commercial methylene blue. I n addition a fainter, somewhat faster, incompletely resolved blue spot was also visible. Further cycles of purification did not perceptibly improve the purity of the dye. These results contrast with those obtained from samples of commercial dye which had been recrystallized from alcohol or water, for which as many as four spots were found. Elemental analysis (C, C1, K,and S) of the purified dye yielded results that were low and were from 82 to 85% of theoretical, whereas the atom ratios were in good agreement with theory, Before purification, however, the N/C ratio was somewhat high, indicating the presence of compounds with lower degrees of methylation. Therefore, it was decided to use this partially purified material, but analysis for nitrogen was used to determine dye concentration in all solutions. The justification for using such samples is based on the thin layer chromatography results and the fact that the maximum absorption spectra of very dilute solutions was at 665 mF, which is the longest so far observed (see Table I).
 
 Table I: Comparative Results Obtained for Some Spectral Properties of Methylene Blue Ref
 
 Sheppard and GeddesO Vickerstaff and Lemin8 Rabinowitch and Epstein4 Lewis, et al.‘ Bergmann and O’Konski’ This study
 
 30
 
 ...
 
 ...
 
 666 656 660 664 665
 
 27 30 25 30
 
 7.2 6.1 4.0 8.5 8.5, 9.5’ 7.8
 
 a G. N. Lewis, 0. Goldschmid, T. G. Magel, and J. Bigeleisen, J . Amer. Chem. Soc., 65, 1150 (1943). K. Bergmann and C. T. O’Konski, J. Phys. Chem., 67, 2169 (1963). The latter figure was obtained by correcting for dye absorption to the walls of
 
 ‘
 
 the glass vessels and cells. Kone of the other results were corrected in this manner.
 
 (18) R. L. Schriner and R. C. Fuson, “The Systematic Identification of Organic Compounds,” John Wiley and Sons, Inc., New York,
 
 N.Y.,1948,p91.
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 Since the azures and thionine have absorption maxima a t successively shorter wavelengths, it would seem reasonable to assume that our sample is relatively free of these components. Another indication of purity is that the maximum molar extinction coefficient of these solutions was one of the higher ones observed (see Table I). While this work was still in its final stages, Bonneau, Faure, and Jouss~t-l)ubien~~ reported an elegant and efficient method for separating the various thiazine dyes by means of the differences in pK. A small amount of methylene blue purified in this manner showed almost identical properties to that prepared by our procedure. Because of its ease, however, future investigation will be done by this latter method. II. Spectrophotometric Measurements. A. Measurement Technique. The absorption measurements were made by means of a Cary 14 spectrophootometer over a wavelength range of from 5500 to 7000 A. The cells were thermostated at 30 f lo, and the cell size was chosen so that optical density measurements below 0.15 or above 1.5 were never made. This sometimes necessitated running two spectra on the same solution in cells of different sizes. The cells used had optical path lengths of from ca. 10 cm to ca. 0.005 cm. The exact relative size was determined by calibration at 373 mp with alkaline KZCrO4solution in relation to a 1-cm cell whose optical path length was assumed to be 1.000 cm. The size range of the cells made possible the use of dye solutions with concentrations of from ca. 6 X 118. A total of 23 dye solutions lo-' to ca. 6 X was used to cover this concentration range. Tests to determine the time needed to reach equilibrium and the reversibility of the reaction were made. For the former, rapid dilution of a concentrated dye solution was made, followed by the measurement of the absorption as a function of time at a wavelength close to the expected absorption maximum for the diluted solution. If care was taken to keep the temperature constant, there was no observable change in the absorption with time, indicating that the reaction had apparently reached equilibrium in less than 1min. The test for reversibility involved the measurement of the absorption spectrum of a dye solution first at 30°, then at 4 5 O , and finally at 20". The time for the solution to reach each temperature was about 15 min. This cycle was repeated several times and all the absorption spectra determined at any given temperature were identical. B. Calculation Technique. The values of the observed molar extinction coefficients at 15 wavelengths of from 5500 to 7000 8 were independent of concentration at low dye concentrations and provided the value of E t . The extinctions at these wavelengths measured on dye solutions of high concentration were found to approach a limiting value asymptotically. Therefore the extinctions were plotted as E X vs. 1/CT and mere extrapolated linearly by the computer to infinite concentration to provide the value of E:. Some repreThe JaurnaZ
 
 of
 
 Physical Chemistry
 
 4.0
 
 3.0 I
 
 .. I
 
 % A'
 
 2.0
 
 6650
 
 s
 
 1.0
 
 7000 5500
 
 100 200 1/cT,1. mol-'.
 
 Figure 2. Extrapolation of absorption data at high methylene blue concentrations.
 
 sentative extrapolations are shown in Figure 2, and the results of all of the extrapolations can be seen in Figure 3, curve C. The polymerization model was tested first. Using eq 3-5 to eliminate CI, C2, and C3, one can rewrite eq 1 in terms of CT and P. Then by assuming a value for K , P is calculated using eq 2. This is then substituted into the rewritten quadratic eq 1 and this is solved for Ez. Eventually a value of K should be found which produces a value of Ez which does not vary with concentration. If this value of K is constant with wavelength, the model successfully predicts the observed results. The reason this method was chosen rather than that of taking pairs of data for which an equation is written for each and is solved simultaneously is that in the latter case many of the pairs of data would fail to give solutions because of the sensitivity of the equations to small experimental errors. It was found impossible, however, to obtain a constant K , so the model was completely unacceptable. One can make a great simplification in the trimerization model by first assuming that at low concentrations only the dimerization reaction need be considered. This is reasonable because, as stated previously, at low concentrations the CY peak decreases while the /3 peak increases in such a manner that an isosbestic point is (19) R. Bonneau, J. (1967).
 
 Faure, and J. Joussot-Dubien, Talanta,
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 i
 
 I
 
 wavelength region 5900-6300 A, a somewhat different procedure was used. The average value of Kz determined in the range of 6400-7000 was assumed correct and from this the values of E2’ in the other regions were calculated. The second step involves the calculation of K3. Upon rewriting eq 8 and 9 using eq 6 and 7, one gets
 
 s
 
 \
 
 \
 
 8.0
 
 7 6.0
 
 5 I
 
 ODx = Ei’Cl
 
 2
 
 5
 
 4.0
 
 (12)
 
 + 2KzC1’ + 3K3Ci3
 
 (13)
 
 and
 
 2
 
 CT 2.0
 
 5500
 
 + 2EzXKzC1’ + 3E3XK3C13
 
 6000
 
 6500
 
 7000
 
 x, b.
 
 Figure 3. Absorption spectra of the three species present in aqueous solutions of methylene blue: curve A, monomer; curve B, dimer; curve C, trimer.
 
 obvious. Using the iterative procedure described by de Maine and Seawright2O which involves assuming a value for K2, one then calculates a new value of Kz which is reused, until successive calculated values of K z are insignificantly different. This procedure makes it easy to see if one has used data at too high dye concentration. One of the steps in this process involves fitting a straight line to a function of the data. If one first considers all the data, the high-concentration data deviate strongly from the straight line, indicating formation of higher species than dimers. By gradually removing the high concentration data, the fit gets better until the final value of K2 and E2 no longer change significantly as high concentration data are removed. I n general, the values of Kz obtained in the wavelength region of from 6400 to 7000 i!. were highly constant, whereas those obtained in the region of from 5500 to 5800 8 were fair, and those from 5900 to 6300 8 were poor. The reason can be seen in Figure 3. This first wavelength region is one in which the monomer to dimer transition is accompanied by large absorption differences, followed by much smaller ones for the dime: to trimer transition. The region from 5500 to 5800 A changes moderately on the formation of dimer but much less on the formation of trimer. The region from 5900 to 6200 involves a large increase of absorption on dimer formation and a large decrease on trimer formation. Therefore, the trimer reaction will appear significant at a fairly low dye concentration and the above mentioned simplification will not be valid over as large a concentration range as might be expected. It waj not possible to obtain meaningful results at 6300 A because this wavelength is near the isosbestic point for the monomer-dimer equilibrium. Therefore, for the
 
 =
 
 C1
 
 which can be solved simultaneously, eliminating K3, to yield a quadratic in C1. Therefore, by using the data OD and CT and the previously determined constants Elx, h2’ and K z , one can determine CI. Substituting this back into eq 12, one can now solve for K3. This was done by plotting a function of the data which yields a straight line, the slope of which is the value of K3 a t each wavelength. The values of Ks were quite con; stant in the wavelength region of from 5900 to 6300 A because of the relative importance of the dimer-trimer equilibrium, whereas they were rather poorly constant at other wavelengths. Therefore, the average value of K 3 obtained in this range was assumed correct. Finally, in order to test the model more thoroughly, the value of C1 for each concentration was calculated from the cubic equation (eq 12). Then, using eq 12, the OD was calculated at each wavelength. The comparison of theory with experiment at a few representative concentrations is shown in Figure 1and is a good indication of the ability of this model to describe the phenomena. I I I . Vapor Pressure Osmometer Studies. At the time when it was evident that the polymerization model had failed, it was thought that a direct measurement of the molecular weight of the aggregates might suggest the proper model to be tested. Vapor pressure osmometry seemed suitable for these studies, and so the measurements were made with a Mechrolab nlodel 301A instrument using an aqueous probe at 30”. It was calibrated by using NaCl solutions of known concentration and osmotic coefficient. Four dye concentrations were studied over the range of from 0.017 to 0.055 M . If one assumes that only the cation aggregates and that the Debye-Hucltel limiting law applies, one can write the expression for the activity coefficient as
 
 where D is the number average degree of polymerization of the dye cation. Of course it is assumed that the dye anion and the dye monomer cation are univalent, whereas the charge on the polymer cation is equal to D. (20) P. A. D. de Maine and R. D. Seawright, “Digital Computer Programs for Physical Chemistry,” Vol. I, The Macmillan Co., New York, N. Y . , 1962, Chapter IV.
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 Using the relation between osmotic coefficient and activity one can write y
 
 -1
 
 =
 
 In yrt
 
 '/$
 
 (15)
 
 which can be rewritten using eq 14 as
 
 1.00
 
 -
 
 0.80
 
 -
 
 0.20
 
 -
 
 +
 
 1 - 0 . 3 9 4 5 D d ' / & ~ ( D 1) (16) The resistance read from the osmometer is related to the molality of the polymerized dye cation by means of a calibration constant K , as is shown in the equation cp
 
 R
 
 =
 
 Knmy
 
 (17)
 
 where m is the total molality of the variously polymerized dye molecules and n is the average apparent number of charged particles into which the polymerized molecule ionically dissociates (ie., a dimer would yield three particles; a trimer would yield four; etc.). This can be rewritten as
 
 R
 
 =
 
 K(D
 
 + ~)(C'T/D)Y
 
 KCT
 
 -D
 
 f l
 
 D
 
 (19)
 
 Y
 
 The left side of eq 19 is what is measured. Therefore, subst,ituting this into eq 16 gives us
 
 +
 
 R ~(D 1) - ( 1 - o . 3 9 4 5 D d 1 / 2 c ~ ( D 1)) 7 KCT
 
 +
 
 (20) To solve this, one merely varies D until eq 20 becomes an identity. The resulting final value of D is then the number-average degree of polymerization of the cation. A graph of D os. CT shows D rising rapidly and then leveling off asymptotically at high CT near a value of 3 for D. A plot of the reciprocals (1/D vs. ~ / C Twhich ) linearize such a plot, gives the value of the asymptote more accurately, and the value of D is found to be 2.9 (see Figure 4). This indicates that the limiting form of aggregation is a trimer and is in good agreement with the conclusions arrived at from the spectral studies. The only assumptions made here are that there is complete dissociation of the dye salt (regardless of degree of polymerization) and that the Debye-Huckel limiting law applies. These two assumptions must hold only over the concentration range studied to make this approach valid. The Debye-Huckel limiting law assumes that the ions are point charges with spherical symmetry. Since this conjugated molecule has its charge distributed over a considerable portion of the molecule and in view of the rather high concentrations studied (0.017-0.055 M ) , the validity of the assumptions made might be questionable.
 
 Discussion The results found here agree with those of Hillson and McKay, l1 who found by using polarographic methods The .Journal of Physical Chemistry
 
 I
 
 I
 
 r
 
 20
 
 40
 
 60
 
 l/CT,1. mol-'.
 
 Figure 4. Vapor pressure osmometry study of concentrated solutions of methylene blue,
 
 (18)
 
 Rearranging eq 18, we get
 
 R
 
 0
 
 that the degree of aggregation of methylene blue a t high concentrations was about 3. The value which we observed for the equilibrium constant for the dimerization step, ie., 2000 1. mol-' at 30", compares with those obtained by Rabinowitch and Epstein4 and Bergmann and O'I
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