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EPRSTUDY OF CUPRIC-PEPTIDE COMPLEXES
 
 together into a water cavity unlike the micelle-type complexes11 previously observed in solutions containing long-chain alkylammonium bromide salts. Recent accounts of the formation of similar complexes between benzene and tetra-n-butylammonium nitrate12 and between p-nitroaniline and alkali p-toluenesulfonates13 indicate that this new type of water structure enforced
 
 3549
 
 complex formation may be a general phenomenon that has not been fully investigated as yet. (11) J. E. Desnoyers, G. E. Pelletier, and C. Jolicoeur, Can. J. Chem., 43, 3232 (1965),
 
 (12) T. J. Plati and E. G. Taylor, J . Phys. Chem., 68, 3426 (1964). (13) J. Steigman and J. L. Lando, ibid., 69, 2895 (1965).
 
 Electron Paramagnetic Resonance Study of Cupric-Peptide Complexes1
 
 by Graeme F. Bryce (Received M a y $4. 1966)
 
 Department of Molecular Biophysics, Yale University, S e w Haven, Connecticut
 
 The electron paramagnetic resonance of cupric complexes of peptides has been investigated. Studies at room temperature and at about 100°K have enabled parameters to be derived which describe the bonding of the cupric ion to the nitrogen atoms. Electronic excitation energies which are required for accurate computation of the above LCAO-AT0 parameters have been obtained from the visible absorption spectra with the aid of optical rotatory dispersion and circular dichroism spectra. The u bonding appears to have a moderate degree of covalency. In-plane and out-of-plane A bonding has been found to be more strongly covalent. Ligand nuclear superhyperfine structure has been measured and the assessment of the covalency of the u bonding, derived in this way, agrees well with that obtained from cupric ion nuclear hyperfine structure. I n three cases, complexes containing two ligand molecules per cupric ion exhibit superhyperfine structure patterns a t room temperature which suggest that the fourth nitrogen atom, from the second ligand molecule, exchanges too rapidly for nuclear hyperfine interaction to occur. At low temperatures, however, exchange does not occur and line patterns are obtained corresponding to the interaction of four magnetically equivalent nitrogen nuclei.
 
 Introduction Electron paramagnetic resonance (epr) is a particularly useful technique for assessing the covalent nature of the cupric ion bonding to nitrogen-containing ligands. Together with optical absorption data, parameters can be derived from which a quantitative measure of electron delocalization can be obtained. I n particular, reference is made to g values, cupric ion nuclear hyperfine interactions, and the 'electronic energy differences between the ground state and the upper singlet and doublet levels.2-8 I n some cases, bonding
 
 parameters have been derived from the ligand nuclear superhyperfine interaction. t
 
 18-1
 
 (1) The work was supported by U. 8 . Public Health Service Research Grant GM-09256 from the Division of General Medical Sciences t o Dr. A. S. Brill and Research Grants HE-05556, HE06308, and GM010591 to Dr. F. R. N. Gurd. (2) (a) A. H. Maki and B. R. McGarvey, J . Chem. Phys., 2 9 , 31 (1958); (b) H. S. Jarret, ibid., 28, 1260 (1958). (3) R. Rajan and T. R. Reddy, ibid., 39, 1140 (1963). (4) A. K. Wiersema and J. J . Windle, J. Phys. Chem., 68, 2316 (1964). (5) J. M. Assour, J. Chem. Phya., 43, 2477 (1965).
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 It is the purpose of the present communication to study the cupric complexes of the following peptides: acetylglycylglycyl-L-histidine (AcGZH), acetylglycylglycylL-histidylglycine (AcGzHG), acetylglycyl-L-histidylglycine (AcGHG), acetylglycyl-L-histidine (AcGH), and glycyl-L-histidine (GH) . I n these complexes, the cupric ion is bonded to nitrogen atoms and their structures have been elucidated by hydrogen ion titration,12 visible absorption spectra and optical rotatory dispersion (ORD),l 3 and circular dichroism (CD) ~ p e c t r a . ' ~ I~n' ~these studies, the first two peptide complexes were assigned structures in which the cupric ion was coordinated to the 1-nitrogen of the imidazole ring and the three peptide bond nitrogen atoms on the a-amino terminal side of the L-histidine residue. This arrangement was presumed to be approximately square planar with the carboxyl oxygen of the L-histidyl residue in AcGzH or the carbonyl oxygen of the L-histidylglycine peptide bond in AcGzHG occupying an apical position. 13115 Recent X-ray crystallographic studies on the cupric complexes of triglycine,16 tetraglycine,"* l8 and glycyl-~-histidine'~have shown that the bond angles in such trinitrogen and tetranitrogen coordinated complexes differ greatly from 90' and that, in the latter two peptides, constraints imposed by the ligand backbone cause the nitrogen atoms to occupy positions 0.13-0.25 A above and below an average plane through the central cupric ion. Although an element of pseudotetrahedral configuration is present, the over-all symmetry can best be regarded as distorted square planar. The remaining three peptides mentioned above, A ~ G H G ,A ~ G H ,and GH, contain only three coordinating nitrogen loci per molecule with a water molecule or hydroxyl ion in the fourth corner of the square plane. However, low-temperature studies in aqueous solution require an excess of ligand present to 'Ompensate for possible dissociation Of comp1exes,20 which would lead to a mixture of molecular species, so that in these cases a second ligand molecule will contribute a fourth nitrogen atom to the approximate square plane around the cupric ion. This nitrogen atom is almost certainly from the 1-position of the Lhistidine imidazole ring. Thus all the complexes considered here have four co-ordinated nitrogen atoms in a distorted square-planar array, a carboxyl oxygen or carbonyl oxygen atom in the fifth position, and a water molecule in the sixth position a t a somewhat greater distance, probably about 2.5 A compared to about 1.95A for the Cu-N distance. Experimental Methods All peptides used were a generous gift from Professor The Journal of Physical Chemistry
 
 F. R. N. Gurd, Department of Biochemistry, Indiana University School of Medicine, Indianapolis, Ind., and were the same as used in previous studies.12-16 Aqueous solutions were made 5 mM in cupric chloride and about 50 mM in peptide. Sodium hydroxide was added to give a pH which ensured maximum involvement of peptide bond nitrogens; usually pH 11 was sufficiently high.13 Room-temperature studies were carried out in a Varian aqueous solution sample cell. Low-temperature studies employed the Varian cold-gas setup. Quartz tubes of 3-mm internal diameter containing about 0.2 ml of sample were used and with a flow rate of 40 ft3 of nitrogen/hr, temperatures of 102-106'K were attained. The epr spectra were measured on a Varian 4500 spectrometer equipped with a 9-in. magnet and using 100-Kc field modulation within a Varian multipurpose cavity. Magnetic fields were monitored throughout the sweep by a Varian F-8 nuclear fluxmeter calibrated with a Beckman EPUT meter (frequency counter), nhdel 5360. All microwave absorption spectra were recorded as the first-derivative curve. Frequencies were of the order of 9.40 Gc at room temperature and 9.05 Gc at 105'K and were measured to within 0.0370 on a Sperry average-power meter, Nodel 31A1. An example of the epr spectrum of the cupric complex of AcGzHG at room temperature is shown in Figure 1 and at 103'K in Figure 2. Theory and Experimental Results Evaluation of the Epr Parameters. Random motion of solute molecules a t room temperature yields an (6) S. J. T. Owen, K. J. Standley, and A. Walker, J . Chem. Phys., 40, 183 (1964).
 
 (7) D.Kivelson and R. Nieman, ibid., 35, 149 (1961). (8) H.R. Gersman and J. D. Swalen, ibid., 36, 3221 (1962). (9) E. M , Roberts and W, S, Koski, J . Am. Chem. Sot,, 82, 3006 (1960). (10) E.M.Roberts and W. S. Koski, ibid., 83, 1865 (1961). (11) A. H. Maki and B. R. McGarvey, J . Chem. Phys., 29, 35 (1958). (12) G.F. Bryce, R. W. Roeske, and F. R. N. Gurd, J . Biol. Chem., 240, 3837 (1965). (13) G. F.Bryce and F. R. N. Gurd, ibid., 241, 122 (1966). (14) G. F.Bryce, R. W. Roeske, and F. R. N. Gurd, ibid., 241, 1072 (1966). (15) G.F. Bryce and F. R. N. Gurd, ibid., 241, 1439 (1966). (16) T. Cooper, H. C. Freeman, G. Robinson, and J. C. Schoone, Nature, 194, 1237 (1962). (17) H.C. Freeman and M. R. Taylor, Proc. Chem. SOC.,88 (1964). (18) H.C. Freeman and M. R. Taylor, Acta Cryst., 18, 939 (1965). (19) J. F. Blount, K. A. Fraser, H. C. Freeman, J. T. Szymanski, and F. R. N. Gurd, Chem. Commun., 1, 23 (1966). (20) B. G. Malmstrom and T. Vannghd, J. MOL Biol., 2, 118 (1960).
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 2600
 
 Figure 1. E p r spectrum of the cupric complex of AcGtHG a t room temperature.
 
 3000
 
 3400
 
 gauss Figure 3. Comparison of the experimental epr spectrum of the cupric complex of GH at 105°K (solid line) with that computed from the data in Table I (points and dashed line).
 
 Figure 2. E p r spectrum of the cupric complex of AcGzHG a t 102°K.
 
 isotropic spectrum (Figure 1) from which go and the nuclear hyperfine structure constant A. can be measured. The former parameter is the g value a t the center of the four-line pattern and Ao, expressed in cm-l, is the spacing between the lines. In the vitreous state at low temperatures, all orientations of the symmetry axis (perpendicular to the square plane of nitrogen atoms) are present but fixed and an anisotropic spectrum is obtained (Figure 2). From this, the values of g r I and All can be accurately measured. Using the approximate relations of Kivelson21 and RIcConnel122
 
 + 29, = All + 2AI
 
 390 = 911 3Ao
 
 (1) (2)
 
 we obtain values of gL and A,. The magnitudes of the latter two parameters can only be obtained accurately by computing the epr
 
 spectrum and comparing with the original. This was done by a program devised by Dr. J. H. Venable, Jr., for the IBM 7094 and modified by Rlr. P. R. Kirkpatrick. An axially symmetric Hamiltonian was used, ie., gz = gY = gI. The microwave absorption was summed over 50 or 70 values of 6, the angle between the 2 axis and the applied magnetic field; 6 was varied between 0 and n/2 at intervals of 5 or 10 gauss. Gaussian line shape was assumed and a line width dependence upon angle of the same form as the g value variation was used. To obtain a satisfactory fit, gl I and A ,I did not require adjustment but considerable reductions in the magnitude of ,g, derived from eq 1, were necessary. Factors of 2 in A , did not affect the computed spectrum significantly. However, as will be seen later, values for this parameter can be computed from the available data. Spectra could be fitted for 911 > gL from which it can be deduced that the ground state for the cupric ion is d,,+. Table I lists the g and A values obtained for the peptides under study together with the presumed molecular structure. Figure 3 illustrates a comparison of the experimental spectrum of the cupric complex of GH with that computed from the g and A values quoted in Table I. It should be mentioned here that the program did not make allowance for ligand nuclear superhyperfine interactions. Tetragonal distortion from octahedral symmetry by the Jahn-Teller effect, by elongation along the 2 (21) D. Kivelson, J. Chem. Phys., 33, 1094 (1960). (22) H. M. McConnell, ibid., 25, 709 (1956).
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 Table I
 
 Complex struoture
 
 2.102
 
 2.196
 
 2.044
 
 205
 
 10
 
 2.112
 
 2.206
 
 2.050
 
 199
 
 19
 
 2.122
 
 2.209
 
 2.045
 
 198
 
 19
 
 2.114
 
 2.205
 
 2.066
 
 200
 
 25
 
 R is the remainder of the peptide backbone.
 
 axis, splits the lower E, doublet into two singlets (dzB--y2; B1, and dZl; AI,) and the upper T2, triplet into a singlet (&,; Bz,) and a higher lying doublet (d,,, d,,; E,). It seems reasonable that the presence of the electronegative oxygen atoms in the fifth and sixth positions keeps the AI, level low lying, in particular, below the Bzg level. Therefore, proceeding from lower wavelengths, the first two ligand field electronic transitions encountered are B,, + E, and B1, + Bz,. The transition to AI,, the level of which does not affect the magnetic parameters, occurs presumably in the near-infrared region. For a cupric ion in such a tetragonal field, the approximate values of the g tensor are given by the simple formulas
 
 (3)
 
 The Journal of Physical Chemistry
 
 (4) where ge is the Q value of the free electron and equal to 2.0023 and X is the spin-orbit coupling constant, for the free cupric ion, having a value of -828 cm-l. AE,, and AE,,are the energies, in cm-I, of the B1, + Bz, and BI, +E, electronic transitions, respectively. Equations 3 and 4 stem from purely crystal field considerations and take no account of covalent bonding. The latter can be included by modification to (5)
 
 where the constants a and b describe the departure
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 1 adzz - (1 - d2)’/’(pZ(1)- ~ ~ ( 3 ) ) -
 
 from simple ionic bonding. For tetragonal distortion of the type noted above J/E
 
 Obviously then, accurate values of AE,, and AE,, are required. Table I1 lists the values obtained for these electronic excitation energies. For AcG2HI4 and AcG2HG,15the CD spectra are sufficiently resolved to permit evaluation of AEz, and AE,,, accurate to 200 em-]. In the case of AcGHG and AcGH, ORD spectrala give the approximate center of the absorption bands; hence, the visible absorption spectra, plotted against wavenumbers, were resolved into two overlapping partial bands. In this, gaussian shape was assumed for the upper portion of the curves.23 For the complex of GH, the CD spectrum was used.15
 
 =
 
 i
 
 The nomenclature in these antibonding wave functions is the same as used by Gersman and Swalen.s The only overlap considered is that in the B1, state, and eq 10 relates LY,CY’ and the overlap integral S, the value of which is taken to be 0.093.28 a2
 
 +
 
 CY‘2
 
 - 2aCY’S
 
 = 1
 
 (10)
 
 In this scheme the u orbitals are hybridized nitrogen sp orbitals of the type u =
 
 np
 
 =F
 
 (1 -
 
 n2)%
 
 where the minus sign refers to ligands on the positive
 
 x and y axes. Thus the B1, state represents u bonding in the complex. The Bz, and E, states describe, respectively, in-plane and out-of-plane a bonding. Quantitative measures can be derived from the values of CY, p, and b. The spin Hamiltonian, according to Abragam and P r y ~ e , ~for ~ , axial ~ O symmetry, is of the form
 
 -
 
 Table I1 : Ligand Field Transition Energies AE.JBlp B d and ~E,,(BI, E,) +
 
 AEw.
 
 AEzr,
 
 cm-1
 
 cm-1
 
 Cu(II)-AcGzH Cu(II)-AcGzHG C U ( I I~ A C G H G
 
 16,900 16,700 15.400
 
 20,400 19,600
 
 Cu(I1)-AcGH Cu(II)-GH
 
 15; 400 17,700
 
 17; 500 20,600
 
 Complex
 
 18,200 =
 
 The point should be made here that the ORD and CD data for AcGHG and GH are available only for the strictly 1: 1 complexes. However, the visible absorption spectra in the presence of excess ligand were not significantly altered and since no additional asymmetric centers are incorporated into chelate rings in the resultant 2 :1 complexes, it is reasonably safe to place a high degree of reliance on the values of AE,, and AEzz quoted in Table 11. More detailed information can be obtained about the Cu-N bonding character by resolving the constants a and b into their constituent parts. From a consideration of covalent bonding, 24-27 the following LCAO-MO scheme can be set up for Dth symmetry, to which the distorted square-planar array of nitrogens around the cupric ion belongs $B,~
 
 =
 
 ad,*-,* -
 
 I/&(-
 
 uz(l)
 
 +
 
 uy(2)
 
 +
 
 (T
 
 (3)
 
 -
 
 uy‘4’)
 
 (7) $ B ~=~
 
 pd,, - ‘/z(l
 
 - P2)’”
 
 X (p,(l) + pzC2) - pyW - P z ( ~ ) )(8)
 
 PgilHS,
 
 + Pg,(H,S, + H,S,) + AlISJ, + A,(S,L + S,IJ
 
 (11)
 
 where the first two terms are the Zeeman interaction with anisotropy in g , and the second two terms are the nuclear hyperfine interaction with anisotropy in A . 2 X 3/2 1 = 4 lines are For a nuclear spin of observed in the isotropic spectrum (Figure 1). At low temperatures, two sets of lines are expected centered a t 911 and g L . Figure 2 shows this effect a t 911 where three of the four lines are evident, the fourth being obscured by the absorption around gL. The four hyperfine lines a t g 1 are not resolved since A , is usually much smaller than A I I in cupric complexes. Application of this spin Hamiltonian to the LCAOMO scheme in eq 7-9 leads to the relationship^^^^^^^
 
 +
 
 (23) B. Roos, Acta Chem. S c a d . , 18, 2187 (1964). (24) K.W. H.Stevens, Proc. Roy. SOC.(London), A219, 542 (1953). (25) J. Owen, ibid., A227, 183 (1955). (26) J. Owen, Discussions Faraday Soc., 19, 127 (1955). (27) M.Tinkham, Proc. Roy. SOC.(London), A236, 549 (1956). (28) D. R. Hartree, “Calculation of Atomic Structures,” John Wiley and Sons, Inc., New York, N. Y., 1957. (29) A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London), A205, 135 (1951). (30) A. Abragam and M. H. L. Pryce, ibid., A206, 164 (1951).
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 Table 111: LCAO-MO Parameters Complex
 
 a'
 
 a2
 
 Cu(II)-AcGzH Cu(II)-AcGzHG Cu(II)-AcGHG Cu(II)-AcGH Cu (I1)-GH
 
 9 1 - 2.0023
 
 0.90 0.91 0.90 0.90 0.90
 
 =
 
 0.81 0.82 0.82 0.81 0.82
 
 0.54 0.52 0.52 0.52 0.52
 
 2x AE,,
 
 - CY'^^ - g(b)]
 
 f(P)
 
 = CYCY p'S
 
 + CYCY'P(1 -
 
 g(b)
 
 =
 
 CYCYb'2S
 
 + CYCYb' (1 -
 
 (13)
 
 a'2
 
 0.29 0.27 0.27 0.27 0.27
 
 B2
 
 a
 
 a2
 
 0.64 0.67 0.67 0.67 0.74
 
 0.87 0.83 0.86 0.81 0.87
 
 0.76 0.69 0.75 0.65 0.76
 
 B
 
 0.80 0.82 0.82 0.82 0.86
 
 At this point, it is pertinent to examine the validity of these computations and the underlying assumptions. It was stated previously that the values of gll, gL, A I1, AE,,, and AEzz can be considered accurate. The only assumption, therefore, is that the correct value of K was chosen, ie., "7 K = 1. Equations 12 v d 13 are more complicated versions of ( 5 ) and (6), so that the values of CY, 0, and b can be substituted into them to yield values of a and b which agree very well with those previously computed. This is shown in Table IV. Slight discrepancies are undoubt'edly due to cumulative errors involving products and aa'b. of constants in expressions such as CYCY'P~ (1 - b ~ ) l /etc. ~,
 
 +
 
 P2)
 
 (16) 2
 
 T(n)
 
 b2)l/2-
 
 @
 
 (17)
 
 Table IV: Values of Constants a and b from Eq 5 and 6 P = ~ Y ~ ~ P ~ P N ( ~ , ~ - ~ ~ and / T -has ~ ~the ~ ,value ~ - , of ~) Complex a b -0.036 cm-I. ycUis the magnetic moment of copper Cu(II)-AcGzH l.SO(1.79)" 0.540(0.533)" (Cus3 or C U ~ ~P o) is , the Bohr magneton, and PN is the CU(I1)-AcGHG 1.91 (1.89) 0.485(0.487) nuclear magneton. T ( n ) is an integral over complex Cu(II)-AcGHG 1.92(1.94) 0.528 (0.532) Cu(II)-AcGH 1.92(1.92) 0.453(0.459) ligand functions and has the value 0,333 K is a conCu(II)-GH 2.24(2.22) 0.550(0.541) stant, introduced by Abragam and P r y ~ e to , ~correct ~ for the Fermi contact term of excited configurations a Values in parentheses are recomputations using eq 12 and 13. containing unpaired s electrons, such as 3s3d10, 3d84s, and 3s3d94s, which have a finite electron density a t the nucleus. Abragam, Pryce, and H o r ~ w i t z ~ ~ Recomputation of Ail using eq 14 does not give give a value for K , for the free cupric ion, of 0.43 f additional refinement since its value was used initially 0.02. Substituting this value into eq 14 and simplicy2, Of great significance, however, is to compute fying, we derive the relation the use of eq 15 to compute the magnitude of A*. CY2 - Table V lists the values obtained. The narrow range - All - 2.0023) P in the results throughout the series of peptides is in3/7(91 - 2.0023) 0.04 (18) teresting and compares favorably with similar computations made by Gersman and Swalen.s The divergwhere the numerical constant, 0.04, contains essentially ence from the experimental values is not important the expressions for f(P) and g(b). From experience, since this constant is very difficult to obtain directly since CY is of the order of 0.9 and p and b have values in from the epr spectrum. It will be recalled that alterathe range 0.8-0.9, this quantity is well approximated by tion of A , values by a factor of 2 did not significantly 0.04 f 0.004. The sign of A I1 is taken to be negative. modify the over-all shape of the computed epr specThis value of a2 is used to compute CY' by eq 10. trum. Hence, we obtain @ from eq 12 and 16 and b from eq 13 and 17. Table I11 lists the values computed for (31) A. Abragam, M. H. L. Pryce, and J. Horowits, Proc. Roy. SOC. these LCAO-RIO coefficients. (London), A230, 169 (1955).
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 +
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 Table V : Computed Values of A l a
 
 I
 
 1
 
 I
 
 3250
 
 3300 gauss
 
 3350
 
 Al, Complex
 
 C U ( I I)-AcG*H C U ( I I)-AcG*HG Cu(II)-AcGHG Cll(II)-AcGH Cu(II)-GH a
 
 cm-1
 
 x
 
 lo4
 
 27 (26) 28 (10) 26 (19) 29 (19) 33 (25)
 
 Experimental values from Table I in parentheses.
 
 Ligand Nuclear SuperhyperfineStructure Up to this point, nothing has been said about the quantitative aspects of the ligand nuclear superhyperfine structure produced by the interaction of the unpaired electron with the nuclear spin of the coordinated nitrogen atoms. W4 has a nuclear spin of 1 so that, with four nuclei bonded, a pattern of 4 X (2 x 1) 1 = 9 lines is predicted. The room temperature spectrum of AcGZHG, shown in Figure 1, indeed indicates the presence of nine such lines superimposed on the high-field copper hyperfine line. The relative amplitudes of these lines are not easily measured because of this superposition, but for the central septet the ratios obtained were 5:11:16:19:15:11:6. Comparison with the theoretical pattern of 1:4: 10:16:19:16:10:4:1 indicates that the four nuclei are magnetically equivalent. The corresponding values for AcGzH were 7 : 11: 17 : 19 : 17 : 12 :7, also in satisfactory agreement. The discrepancies in the highand lorn-field regions can probably be explained by line broadening due to noncoincidence of lines from the two isotopes Cus3and CuG6. The room-temperature epr spectra of AcGHG, AcGH, and GH exhibited only seven well-defined superhyperfine lines instead of the expected nine. The central quintet of the GH complex, shown in an expanded form in Figure 4, have relative amplitude ratios of 3:6:7:6:3, in exact agreement with the expected values for three magnetically equivalent nuclei. AcGHG and AcGH complexes were not in such good agreement. Two explanations are possible for the absence of the nine-line pattern. Either the two lines at either extreme are broadened to such an extent that they do not appear, or else the fourth nitrogen, which, as noted earlier, is located on a second ligand molecule and not “connected” to the main peptide backbone by covalent bonds, is exchanging rapidly so that nuclear interaction does not occur. Figure 4 shows that the seven visible lines span the whole width of the copper hyperfine line leaving no region where the two broadened lines might
 
 +
 
 Figure 4. Nitrogen nuclear superhyperfine structure of the cupric complex of G H a t room temperature.
 
 be located. This, taken in conjunction with the amplitude ratios, accords with the second explanation. Low-temperature epr spectra exhibit sharp nitrogen nuclear superhyperfine structure on the high-field copper lines (Figure 2). More than the theoretical number of lines is observed and amplitudes are very difficult to measure accurately because of superposition on the copper hyperfine line. The appearance of extra lines is most probably due to the presence of four copper hyperfine lines around 91, each with its complement of nine nitrogen superhyperfine lines. It is worthy of note here that the complexes of AcGHG, AcGH, and GH were very similar to those of AcG2H and AcGzHG with respect to the superhyperfine structure pattern a t low temperatures, implying that, under these conditions, the fourth nitrogen from the imidazole ring of the second ligand molecule is “frozen” into a position from which magnetic interaction can occur. The spacing of the ligand nuclear superhyperfine lines can be used to determine the covalent nature of the Cu-N bonding. If the electron distribution on the ligand atoms is described in terms of an sp2 hybrid orbital directed toward the cupric ion, then the Hamiltonian yields the following electron-nuclear coupling energy
 
 WI
 
 4R
 
 =
 
 - --rPoPN.’2s(r) 9
 
 (19)
 
 where y is the magnetic moment of the N14 nucleus, expressed in units of the Bohr magneton and having a value of 0.4036 and 6(r) is the 2s electron density a t the nitrogen nucleus, estimated by Maki and Mc. l Garvey” to have a value of 33.4.1OZ4~ m - ~ W Volume YO, Number 1 1
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 is the separation, in cm-l, of the superhyperfine lines, a’ is thus evaluated and substituted into eq 10 to yield a value for az. Table VI lists the values of az evaluated from WI measured from both room temperature and vitreous state epr spectra and may be compared to the azvalues previously computed from eq 18. The WL values a t low temperature represent an average since the spacing was not uniform.
 
 Table VI : Comparison of a* Values Computed from Eq 18 and from Eq 19 and 10 From
 
 Complex
 
 Cu(II)-ACG2H Cu(II)-AcG*HG Cu(II)-AcGHC Cu(II)-AcGH CL~(II)-GH
 
 eq 18
 
 o’81 0.82 0.82 0.81 0.82
 
 From eq 19 and 10
 
 o’80(o’82)’ 0.81 (0.83) 0.83(0.85) 0.83(0.86) 0.81 (0.86)
 
 WIT om-1 X 104
 
 12’7(11’5)“ 12.1 (11.0) 11.4(10.0) 11.2(9.4) 12.2(9.4)
 
 Figures in parentheses represent measurements taken on frozen solutions.
 
 Agreement is surprisingly good for the room-temperature studies and much better than has been obtained by other worker^.^^^ Among other things to be discussed later, this indicates that the hybridization type for the ligand orbitals is a satisfactory one. Low-temperature correlations are only good in the case of AcG2H and AcGzHG. The remaining peptides show discrepancies which can probably be traced to inaccuracies in the measurement of the line separations.
 
 Discussion From the LCAO-AI0 scheme in eq 7-9, it is seen that az values quantitate the u bonding within the complex. a2 = 1 represents totally ionic character and 02 = 0.5 totally covalent character. The computed values in Table I11 are 0.81-0.82. Magnitudes of this order can be compared to 0.84 for cupric oxalate complexesz0which may be regarded as “ionic” complexes. On the other hand, compounds such as cupric phthalocyanine in HzS04 have az values of 0.78’ and 0.72,1° the latter value derived from ligand nuclear superhyperfine splitting. Single crystal studies on the latter compound by Gibson, et aZ.,8zyielded a value of 0.82 and, significantly, different g values. The somewhat analogous complex of etioporphyrin I1 gave 0.74 derived from the nitrogen splittings. Gersman and Swalens found that cyz for the 1,lO-phenanthroline complex in chloroform-toluene solution was 0.63. If this latter is regarded as a “covalent” compound, then a2values of 0.80 do not represent extensive covaThe Journal of Physical Chemistry
 
 lent bonding. A point worthy of consideration here is that the value of az derived from eq 19 depends only on the magnitude of the line separation and the chosen value of the overlap integral 8,but not on a presumed value of K. Therefore, it is suggested that the small difference in azvalues computed from eq 18 and from eq 19 and 10 stem rather from inaccuracies in line separation measurement than from an invalid assumption regarding the value of K. Equation 8 shows that the constant P describes the in-plane a bonding. The same relationship exists between the ionic-covalent balance and Bz as it did for a2. However, it is clear from Table I11 that strongly covalent a bonding is present in the plane of the cupricpeptide complexes. The values found cover a wider range than azvalues and may reflect a more sensitive measure of bond type. Only the GH complex has a value well outside the mean which may be the result of the presence, in this complex only, of an a-amino group nitrogen with different bonding characteristics. Evaluation of p required first a knowledge of a and a‘ and therefore this calculation must of necessity contain the uncertainties inherent in the calculation of a. Moreover, Pz is actually obtained as a solution of an equation in P4, P2, and numerical constants. The discriminant of this equation is the small difference between two much larger numbers and, since a square root is involved, care must be taken to minimize errors in the final value of pz. Comparable values for cupric complexes containing four coordinated nitrogen atoms are 0.65 for phthalocyanine? and 0.68 for etioporphyrin II.9 “Ionic” complexes such as those of oxalate gave values of Pz of about 0.92.z0 Another element of uncertainty is added into the computation of bz since a, a’,and p values are first required. The wide scatter evident in the results in Table I11 may not, however, be the result of such inaccuracies, for reasons given below, and hence this parameter may be one order higher in sensitivity for the description of the bonding in cupric complexes. Recomputation of the constant b in eq 6, using eq 13, involved using cy2 and bz in an expression b = azbz- g(d)
 
 (20)
 
 Now by far the largest contribution is from the azbz term and since b values were faithfully reproduced (Table IV), one can place a high degree of reliability on bz values. Furthermore, the same agreement is obtained by using a2 values obtained independently from eq 19. This is very useful since it will be recalled ~~
 
 (32) J. Gibson, D. J. E. Ingram, and D. Schonland, Discussions Faraday BOG.,26, 72 (1958).
 
 EPRSTUDYOF CUPRIC-PEPTIDE COMPLEXES
 
 that b2 was used to compute the theoretical values of the hyperfive structure constant All using eq 15. Unfortunately, no data on b2 values are available on analogous systems for comparison. In a few cases, tetraphenylporphyrin for e ~ a m p l e ,it~ was assumed that d2 was close to unity. Clearly, this cannot be true in the cases studied here, since this would require a2 to be about 0.50 (eq 20) since b values are of the order of 0.5. Lack of knowledge of the values of AEzv and AEzz has severely hampered the evaluation of b2in other systems. The following bonding scheme is proposed for the cupric-peptide complexes: moderately covalent Q bonding with a2 values of the order of 0.8, strongly covalent in-plane r bonding with P2 values in the range 0.64-0.74, and strongly covalent out-of-plane a bonding with b2values in the range 0.6.50.76. Correlation of Epr Parameters with Structure. All the cupric-peptide complexes discussed above exhibit a narrow range of g,l Ail, and Al values. Covalency in the Q bonding appears to be similar as reflected by the a2 values. Differences are evident, however, in the a-bonding character and it may be a result of the differences in chemical type of the nitrogen atoms bonded. AcG2H and AcGzHG contain one pyridinetype nitrogen from the imidazole ring and three peptide nitrogen atoms; AcGHG and AcGH complexes contain two pyridine nitrogens and two peptide nitrogen atoms; the GH complex contains two pyridine nitrogens, one peptide nitrogen, and one a-amino ni-
 
 3557
 
 trogen atom. The variation in p2 values could then be explained by attributing most of the covalent character of the in-plane a bonding to the peptide nitrogens while the bonding to pyridine-type or aamino-type nitrogen atoms being mostly ionic in character. There does not appear to be any correlation between the values and the structure. The ligand field transition energies also differ fairly widely within the series of complexes and it may be that different degrees of distortion in the square plane of nitrogen atomsI3 is a major factor in the alteration of the pattern of the r bonding.
 
 Summary 1. The epr parameters gil, 91, A I , ,and A l have been determined for a series of cupric-peptide complexes. 2. With the values for the ligand field transition energies, the coefficients of an LCAO-310 description have been computed which yield information about the covalent nature of the u and r bonding in the complexes. 3. Computed values of A 1 have been obtained which are probably much more meaningful than the approximate values derived experimentally.
 
 Acknowledgments. The author wishes to thank Dr. Arthur S. Brill for many helpful discussions concerning the material presented here, and Mr. P. R. Kirkpatrick for assistance in computing the epr spectra.
 
 Volume 70,Number 11
 
 November 1966
 















Copyright © 2024 DATAPDF.COM. All rights reserved.

About Us |
Privacy Policy |
Terms of Service |
Copyright |
Contact Us










×
Sign In






Email




Password







 Remember me

Forgot password?




Sign In




 Login with Facebook
















