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molecular structure, although a crystallographic phase 
change is not involved. The sharp increase of the mag- 
netic moment with rising temperature thus indicates 
the transition of a potential barrier between the two 
molecular c~nfigurat ions,~~ the character of which 
may only tentatively be described a t  present.42 The 
activation energy of the transition can be estimated a t  
A E A  = 120 crn-l (about 350 cal/mole) for [Fe(phen)z- 
(NCS)2] and a t  160 cm-’ (about 460 cal/mole) for 
[Fe(phen)z (“2%)~ 1. 

The transition lA1(tzs) + 5Tz(tz4e2) involves the 
transfer of two electrons from a tz to an e orbital which 
should be followed by a marked increase in the ionic 
radius of about 0.2 A.50956*57 In  addition, the low-spin 

(55) The number of molecules undergoing such transition may be affected 
to some extent by the defect structure of the solid, thus providing an explana- 
tion for the different low-temperature moments encountered in differently 
prepared samples. 

(56) J. H. Van Santen and J. S. Van Wieringen, Rec. Trav. Chim., 11, 420 
(1952). 

(57) G. Albrecht, J. Tschirnich, and K. Madeja, 2. Chem., 6, 312 (1965). 

de configuration involves the filled t z  subshell and is 
thus particularly stable (ligand field stabilization 
2.4A as compared to 0.4A for the high-spin configura- 
tion), Thus i t  is not unreasonable to assume that spin- 
state equilibria in compounds of the d6 configuration 
are in general associated with a change in molecular 
dimensions. Further investigations on this problem 
are in progress. 
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Raman spectra are reported for the aqueous systems zinc(I1)-glycine, cadmiurn(I1)-glycine, and beryllium(I1)-glycine in 
the pH range 2.0-7.0. At the lower pH range, glycine forms monodentate complexes with the metal ions, through the 
oxygen atom of the carboxyl group. At the higher pH range, glycine forms, mono, bis, and tris bidentate complexes with 
Zn(I1) and Cd(I1) ions. However, a t  higher pH, glycine does not bind the Be(I1) ion, and for this system, glycine does not 
seem to form a bidentate complex with beryllium. Spectra of the system ZnClz-glycine a t  pH 5.0 indicate the presence of 
a t  least two mixed complex species involving bidentate glycine and the chloride ion bound t o  the metal. The system CdCla- 
glycine a t  pH 5.0 also contains a mixed complex species. These systems a t  low pH contain mixed species containing mono- 
dentate glycine and chloride ions bound to the metal ions. Spectra of systems Zn(I1)-glycine-SCN- and Cd(I1)-glycine- 
SCN- a t  pH 5.0 indicate the presence of a t  least two mixed complex species containing bidentate glycine and one and two 
thiocyanate ions bound to the metal. Finally, the spectra of the systems ZnClz-glycineSCN- and CdClz-glycine-SCN- 
a t  pH 5.0 seem to indicate the presence of a ternary complex containing bidentate glycine, chloride, and the thiocyanate 
ions bound to the metals. 

The Raman spectra in solution of glycine in its 
various protonated forms have been the subject of 
numerous  investigation^.^-^ The infrared spectra of 
glycine in aqueous solutions have been reported by 
Nakamoto, et ~ l . , ~  who have also studied the solution 
spectra of some metal complexes of amino acids. De- 
tailed vibrational normal coordinate analysis of glycines 
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Department of the Interior, and from the National Science Foundation; 
presented at the 152nd National Meeting of the American Chemical Society, 
New York, N.  Y., Sept 1966. 
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(3) M. Takeda, R. E. S. Iavazzo, D. Garfinkel, I. H. Scheinberg, and 3. 

T Edsall, J .  Am. Chem. Soc, 80, 3813 (1958). 
(4) S A. S Ghazanfar, D V. Myers, and J T Edsall, zbzd., 86, 3439 

(1964). 
(5) K. Nakamoto, Y. Morimoto, and A. E. Martell, zbzd . ,  83, 4528 (1961). 
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and its 1 : l  metal complex’ have also been reported 
in the literature. Infrared spectra in the solid state of 
a variety of metal-glycino complexes have also been 
studied by a number of investigators.8-12 To date, 
however, Raman spectra of metal-glycino complexes 
have not been investigated. The present study con- 
cerns the Raman spectra in aqueous solution of some 
zinc(I1)-glycine complexes and includes mixed com- 
plexes of zinc glycinate with chloride and thiocyanate 

(7) R.  Condrate and K.  Nakamoto, J. Chem. Phys., 42, 2590 (1965). 
(8) D. N .  Sen, S. Mizushima, C. Curran, and J. V. Quagliano, J. Am. 

Chem. SOL, ‘71, 211 (1955). 
(9) A. Saraceno, I. Nakagawa, S. Mizushima, C. Curran, and J. V. Quag- 

liano, ibid., 80, 5018 (1958). 
(10) A. Rosenherg, Acta Chem. Scand., 10, 840 (1956); 11, 1390 (1957). 
(11) K. Nakamura, J .  Chem. Soc. J a p a i ~ ,  80, 113 (1959). 
(12) T. J. Lane, C.S.C., J. A. Durkin, and R. J. Hooper, Spectrochim. 

Acla ,20 ,  1013 (1964). 
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TABLE I 
RAMAS SPECTRA ( C X - ~ )  OF GLYCINE ASD GLYCINE-ZINC(II) SOLUTIONS AT VARIOUS pHn 

Zn(II)-glycineC Zn(II)-glycineC 
HzNCH2COO- +HsNCHzCOO- +H&CHCOOHb (PH 2) (PH 5 )  

507 m 502 m 494 m 500 s 520 m 
575 w 577 w . . .  580 vw 570 vw 

. . .  665 w 644 w 670 vw 660 vw 
899 in 896 s 869 s 902 vs 918 s 
968 w . . .  . . .  . . .  955 w, sh 

. . .  1027 in 1042 m 1030 m 1050 w 
1100 m 1118 m 1123 w 1110 m, b 1100 w 
11 69 TV . . .  . . .  1175 vw 1180 vw 
1315 m . . .  . . .  . . .  1310 m,  sh 
1343 s 1327 s 1308 s 1335 s 1340 s 
1407 vs 1410 s . . .  1418 vs 1400 s 
1440 sh 1440 m 1433 m 1440 s, sh 1445 m 

1600 m 1611 v s  1615 s 1644 vs 1610 111 
. . .  . . .  1744 s . . .  . . .  

2879 w . . .  
2935 vs 2968 s 2975 vs 2975 vs 2945 vs 

3320 m . . .  . . .  . . .  3300 m, b 
3385 m . . .  

. . .  . . .  . . .  

. . .  3011 m 3011 s 3015 s 2975 m, sh 

. . .  . . .  . . .  
a s, strong; m,  medium; w, weak; v,  very; b, broad; sh, shoulder. 3 Values takefi from ref 4. 

solutions. Only the ligand frequencies are tabulated. According to ref 6. 

assignmentsd 
COZ- rock; NH,+ torsion 
COZ- wag 
COZ- scissor 
C-C str 
CH2 rock? 
C-IG str 
iSH2 twist; XH3+ rock 
CHB twist 
NHa wag? 
CH2 wag 
COZ- sym str 
CH2 scissor 
COZ- antisym str 
C=O str 
CHa str 
CH2 str 
CH2 str 
KHz str 
NH2 str 

c Values arc for equimolar (2 iM) 

ions. 
mium and beryllium complexes with glycine. 

In addition, experiments are reported for cad- 

Experimental Section 
Spectra were recorded with a Cary Model 81 Raman spectro- 

photometer using the 4358-A line of Hg for excitation. The 
glycine solutions were found to be slightly fluorescent. This 
difficulty was overcome for the neutral and acidic solutions, by 
treating the solutions with Norit A and filtering through a fine 
filter. 

For many of the experiments, intensity measurements were 
required. For these, each solution contained a known concentra- 
tion of NOa- which served as internal standard. For this purpose, 
the intensity of the Raman line in question was compared with 
that of the A1 line of NOa- which appears a t  1050 ern-'. For 
such measurements, the tube was surrounded with a Polaroid 
cylinder which admitted light polarized perpendicular to the 
axis of Wood’s tube. For determining degree of depolarization, 
this cylinder was replaced by one which admitted light polarized 
parallel to the tube axis. 

All reagents were AR grade except for some of the glycine. 
I t  was found that identical spectra were obtained for reagent 
grade glycine, recrystallized, and for “purified reagent” (East- 
man), 

Results 
The Raman spectrum of glycine undergoes some 

marked changes when the zinc(I1) ion is introduced 
into the solution, indicating complexation of the ligand. 
At lower pH (ca. 2.0) Raman spectra of Zn(I1)-glycine 
solutions resemble that of the glycine dipolar ion. 
As the pH is increased, the spectrum changes con- 
siderably, almost all of the ligand lines being shifted 
in position. In Table I are summarized the Raman 
spectra of the ligand in its various ionic forms as re- 
ported by Ghazanfar, et a1.,4 and the spectra of the Zn- 
(11)-glycine solutions of pH 2 and 5. The last two 
solutions are for equimolar Zn(I1)-glycine solutions. 
These latter solutions also show new low-frequency 
Raman lines. If lithium chloride is added to these 
solutions, a line appears a t  287 cm-I, characteristic of 
the Zn-C1 stretching vibration ; I 3  if sodium thiocyanate 

is added to these solutions, the spectrum of the thio- 
cyanate (2100 and 820 cm-l) is characteristic of co- 
ordinated SCN- ion as opposed to “free” SCN- 
(2068 and 747 cm-I). Also, solutions contain- 
ing various ratios of glycine to zinc (without C1- or 
SCN-) yield almost identical spectra, except a t  the 
lower frequencies; a line a t  445 cm-1 for equimolar 
Zn(I1) and glycine shifts to 425 cm-l as the ratio of 
glycine to Zn(I1) is increased. An interpretation of 
these data and those for solutions containing C1- and 
SCN- is given in the following section, with data plotted 
in Figures 1 and 2. Data obtained for solutions con- 
taining cadmium and beryllium salts in place of zinc 
are also discussed. 

Discussion 
A s  can be seen from Table I ,  the spectra of the three 

ionic forms of glycine are quite distinctive and can 
be used to identify the protonation site in glycine. 
Table I also lists the vibrational assignments of the 
ligand, as given by Suzuki, et a1.,6 for the dipolar ion. 

Spectra of Zinc Nitrate-Glycine Solutions.-The 
Raman spectra of solutions containing various mole 
ratios of zinc nitrate and glycine are all practically 
identical. They are also very similar to the spectrum 
of the free ligand. The pH of these solutions was near 
2.0. That the carboxylic group is not protonated 
in these solutions is shown by the absence of the C=O 
stretching frequency a t  1743 cm-’ and by the absence 
of the C-C stretching frequency a t  869 cm-l. The 
C-H stretching frequencies and also the spectrum in 
the region 1300-1600 cm-1 are characteristic of the 
dipolar ion, indicating that the amino group is pro- 
tonated. The main difference between the spectra 
of the zinc nitrate-glycine solutions and the glycine 
dipolar ion is in the shifting of the C-C stretching 

(13) D. E. Irish, 13. McCarrol, and T. F. Young, J .  Chew Phys., 39, 3436 
(1963). 
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Figure 1.-Plot of the peak height at 287 cm-‘ vs. the mole 
fraction [Cl-]/{ [ZnGly+] + [Cl-I]. Open circles refer to the 
system Zn( NO&--glycine-Cl-, and filled circles, to the system 
ZnClrglycine-C1 -. 
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Figure 2.-Plot of the peak height a t  2100 cm-1 as. the mole 
fraction [SCN-]/{ [ZnGly+] + [SCN-I). Open circles refer 
to the system ZnCl2-glycine-SCN-, and filled circles, to the 
system Zn( NO&-glycine-SCN-, 

frequency to 902 cm-’. This is taken to indicate that 
the glycine is coordinated to the metal ion. By 
measuring the height of the peak a t  902 cm-l in a 
series of solutions containing varying proportions of 
zinc nitrate and glycine, keeping the total concentra- 
tion constant (the classical Job method of continuous 
~ a r i a t i o n ’ ~ * ~ ~ ) ,  a curve was plotted of the height a t  
902 cm-I vs. the mole ratio of glycine to zinc. The 
curve obtained shows broad inflection corresponding 
to the solution containing the mole ratio of glycine to 
zinc near 2. The curve, however, does not show a well- 
developed maximum, because the free glycine line a t  
896 cm-l is intense and badly overlaps that for bound 
(14) P. Job, Ann.  Chim. (Paris) ,  [lo] 9, 113 (1928). 
(15) W. Yellin and R. A. Plane, J. A m .  Chem. SOL., 83, 2448 (1961). 

glycine. This increases the intensity of the 902- 
cm-’ Raman line at  higher glycine concentrations. 
However, the fact that  the curve does show an inflec- 
tion and the fact that the intensity of this Raman line 
undergoes marked change on introduction of the metal 
ion tend to confirm the conclusion that the glycine is 
coordinated to the metal ion. Since the amino group is 
protonated, i t  must be concluded that the glycine is 
bound only through the oxygen atom of the carboxylic 
group. These solutions show a very weak Raman 
line a t  395 cm-l, which is not present in the glycine 
spectrum. This is probably due to a Zn-0 stretching 
vibration. 

When the pH values of the zinc nitrate-glycine solu- 
tions are raised to the range between 3 and 8, the 
spectrum of the ligand changes from that corresponding 
to the dipolar ion to that corresponding to the anion. 
Since the free ligand in this pH range is in the form of 
the dipolar ion, the deprotonation of the amino group 
in the presence of zinc ion points strongly to the forma- 
tion of a Zn-N bond; or, in other words, the glycine 
acts as a bidentate ligand in this pH range. If the pH 
is raised further, precipitation occurs in these solutions. 
The precipitate can be redissolved by adding an excess 
of alkali, and the spectrum of the clear solution so 
obtained is characteristic of free glycine anion and of the 
zincate ion. 

Hence, the pH range characteristic of bidentate 
linkage by the ligand is between 3 and 8 (the higher 
limit can be extended in solutions which contain a 
large excess of glycine). As mentioned previously, 
the ligand spectrum is characteristic of the glycine 
anion, but all of the frequencies of the free anion un- 
dergo shifts by 10 or more wavenumbers, and, hence, 
the coordinated ligand can be readily identified. The 
C-C stretching frequency, for example, shifts from 
896 to 915 cm-l. Also, in these solutions, a new polar- 
ized Raman line appears a t  445 cm-’. Since the latter 
line is not present a t  lower pH where the nitrogen is 
protonated, i t  can be assigned to Zn-N stretching vibra- 
tions. The frequency of the Zn-N stretching vibration 
in these glycine complexes compares favorably with the 
Zn-N stretching frequency in the zinc complexes of 
ethylenediamine16 and ammonia. l7 The very weak 
Raman line around 395 cm-l, which was observed in 
the zinc nitrate-glycine solution of pH 2, still persists 
in the solutions a t  higher pH and can be assigned to 
Zn-0 stretching vibratioh. 

The spectrum of the coordinated ligand does not 
change much with varying proportions of zinc nitrate 
and glycine except for the C-C stretching frequency, 
which moves from 918 cm-l for the equimolar zinc- 
glycine solution to 912 cm-’ for the solution having the 
ratio of glycine to zinc of 3. The line around 450 cm-l 
changes in position as the mole ratio of glycine to zinc 
is changed. An attempt was made to draw a Job plot 
for the zinc nitrate-glycine system in this pH range 
(3-8). However, owing to problems of precipitation, 
(16) K. Krishnan and R. A. Plane, Inovg. Chem., 6, 852 (1966). 
(17) R. A. Plane, “Proceedings of the 8 th  International Conference on 

Coordination Chemistry, Vienna,” 1964, p 17. 
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i t  was possible to maintain the total concentration 
of zinc(I1) plus glycinate ion only approximately con- 
stant. The plot made under these circumstances, 
for the height of the peak around 915 cm-l, showed 
three maxima. This probably indicates that there are 
a t  least three species formed, having ratios of glycine 
to zinc of 1, 2, and 3. The plot for the height of the 
lower frequency peak a t  460 cm-1 showed a maximum 
around the ratio of glycine to zinc of 1. The plot for the 
height at 430 cm-’ showed a prominent peak around a 
value for the ratio of 2, and the plot for the height a t  
420 cm-I showed some indications for a peak around 3. 
Apparently, there are three species formed: a mono- 
glycino complex with a Zn-N stretching frequency, ca. 
445 cm-l, the bis complex, ca. 430 cm-I, and the tris 
complex, cu. 425 cm-l. For the last case, there is 
another much weaker line a t  150 cm-l, which may arise 
from a chelate-ring bending vibration, the numbers 
being obtained from the spectra of solutions containing 
the corresponding mole ratios of glycine to zinc. 

From the solution containing the mole ratio of glycine 
to zinc of 2, a t  pH 6.0, crystals of Zn(NH2CH2C00)2. 
HzO can be precipitated and the infrared spectrum of 
this compound is identical with that reported by 
Saraceno, et aLg According to Low, et aZ.,’* Zn(NH2- 
CH2C00)2 in this crystal is planar, with the glycine 
assuming trans configuration around the metal ion. 
The Raman spectrum of this solid was recorded, and 
it showed a Raman line of medium intensity a t  470 
cm-I. The Raman spectrum of these crystals dis- 
solved in water, however, showed no Raman line a t  470 
cm-l, but a t  430 cm-l, which has been assigned to 
the Zn-N stretching vibration. This shift of the 
Zn-N frequency from 470 cm-l in the solid to 430 
cm-1 in solution may be due to solid-state interactions 
or, more probably, to the fact that  the bis(g1ycino)- 
zinc(I1) complex which is planar in the solid, with bridg- 
ing carboxylates, converts to a simple, tetrahedral 
configuration in solution. 

Zinc-Glycine-Chloride System.-When lithium chlo- 
ride is added to a solution containing equimolar quan- 
tities of zinc nitrate and glycine in the pH range 3-6, 
in addition to the lines characteristic of coordinated 
glycine, a polarized Raman line appears a t  287 cm-l. 
This line corresponds to a Zn-C1 stretching vibration.13 
T o  investigate the species formed, the Job method \vas 
again used. One of the stock solutions used was a 
2.86 llil solution of lithium chloride. The other solu- 
tion contained 2.86 moles of zinc nitrate and 2.86 moles 
of glycine a t  pH 5.0. By mixing various proportions 
of the two solutions, keeping the total volume always 
constant, the heights of the Raman line due to Zn-C1 
stretching vibration a t  287 cm-l mere measured. The 
Job plot was then made on the assumption that all of 
the zinc present in the original stock solution was in the 
form of the monoglycinozinc complex and is reproduced 
in Figure 1. As can be seen, the curve shows two 
maxima, corresponding to the mole ratios of chloride 

(18) B. W. Low, F. L. Hirshfeld, and F. R L  Richards, J .  Ani. Chein. SOL,  
81, 4412 (1959). 

to zinc of 1.5 and 3.0. Another Job plot was drawn 
for the peak height of the 287-cm-l Raman line, using, 
as one of the stock solutions, a solution ol lithium chlo- 
ride and, as the other, a solution containing zinc 
chloride and glycine a t  pH 5.0. This curve also shown 
in Figure 1 is very similar to the one mentioned above. 
The plots clearly indicate that there are a t  least two 
different chloro complexes formed between chloride 
and zinc. Because of the necessary assumption of ideal 
solutions and overlapping frequencies, the formulation 
is not clear One species may contain either one or two 
chlorides per zinc, and the other, two or more. For all 
of these solutions, it  was verified that the glycine was 
also coordinated to zinc. Now, it is possible that the 
glycine is coordinated to zinc, not as a monoglycino 
complex, but as a bisglycino complex In that case, 
the chloride ions may simply be coordinated to zinc 
alone and not take part in a mixed complex with 
glycine. To decide this question, two solutions were 
prepared, one containing equimolar quantities of 
ZnC12 and glycine at pH 5.0 and the other containing a 
mole ratio of glycine to ZnC12 of 2 a t  pH 5.0. It was 
found that the latter solution, even though i t  was five 
times more dilute than the former, yielded crystals 
corresponding to Zn(NH2CH2C00)2 H2O. The in- 
creased solubility in the former solution makes i t  seem 
highly probable that the solution indeed contains a 
mixed complex species and not merely Zn(NH2CH2- 
COO)2 and ZnC14*-. Furthermore, the Zn-C1 stretch- 
ing frequency for tetrachlorozincate is 278 cm-’, 
different from the value for our solutions. 

A solution containing equimolar quantities of ZnClz 
and glycine a t  pH 5.0 shows a Raman line correspond- 
ing to Zn-Cl stretching vibration However, the solu- 
tions containing mole ratios of glycine to ZnCla of 2 
and 3 do not show this Raman line. If the bis(g1ycino)- 
zinc complex species were tetrahedral in solution, as 
was suggested previously, i t  would not be possible for 
the chloride ions to coordinate to the metal without a 
drastic change of geometry. 

However, solutions of pH less than 2, containing 
1 . 2  mole ratios of ZnC& and glycine, showed the 
Raman line a t  287 cm-l, further confirming the mono- 
dentate binding by glycine in these species. Coupled 
with the earlier observation of an inflection in the Job 
plot corresponding to the ratio of glycine to zinc of 2, 
this observation points to the probable existence of a 
mixed complex species, Zn (NH3CHzC00)2C1z, having 
monodentate glycine. 

Zinc-Glycine-Thiocyanate Systems.- Just as in the 
case of the chloride, when sodium thiocyanate is added 
to an equimolar solution of zinc nitrate and glycine, 
the Raman spectrum shows that the thiocyanate is 
also bound to the metal. Again, two Job plots were 
drawn, using thiocyanate as one standard solution 
and two other solutions, one containing equimolar zinc 
nitrate and glycine and the other, equimolar zinc 
chloride and glycine, the pH of the latter solutions being 
5.0. The free thiocyanate lines a t  747 cm-1 (C-S 
stretching) and a t  2068 cm-l (C=N stretching) are 
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shifted on coordination to  820 cm-l and ca. 2100 cm-l, 
respectively. The Job plots were drawn for the height 
of the peak a t  2100 cm-l. Figure 2 shows the curve 
obtained using ZnClz-glycine and also that obtained 
using Zn(NO&-glycine. The two curves are very 
similar and show maxima corresponding to the ratios 
of SCN- to zinc of about 1 and 2. 

When the Raman spectrum of the solution containing 
equimolar quantities of zinc nitrate, glycine, and so- 
dium thiocyanate a t  pH 5.0 is recorded, the C=N 
stretching frequency is a t  2110 cm-I. As more sodium 
thiocyanate is added to the solution, this frequency 
moves down to 2100 cm-I. It is probable then that 
the C=N frequency a t  2110 cm-l is characteristic of a 
species containing one thiocyanate ion and that a t  2100 
cm-l is characteristic of the species containing two thio- 
cyanate ions. 

When the Raman spectrum of the solution containing 
equimolar quantities of ZnClz, glycine, and sodium 
thiocyanate a t  pH 5.0 is recorded, i t  shows the C=N 
stretching frequency to be 2100 cm-l. However, the 
Zn-C1 stretching frequency which occurs a t  287 cm-I 
when no thiocyanate is present is shifted down to 275 
cm-l. As more thiocyanate is added, the C=N 
stretching frequency does not shift, but the Raman line 
due to  the Zn-C1 stretching vibration loses intensity 
and disappears altogether. In  all of these spectra, 
the glycine is coordinated, and the Raman line a t  915 
cm-l arising from C-C stretching vibration does not 
lose any intensity. Since i t  was concluded that 
the chloride ion forms a mixed complex with zinc and 
glycine, the observations made here can be explained 
by assuming that the thiocyanate first replaces one and 
then both the chlorides. In  other words two mixed 
complex species Zn(NHzCHzCOO)SCNC1- and Zn- 
(NHzCH2COO) (SCN)z- are formed. In the chloride- 
free solutions, when the CI=-N stretching frequency is 
present a t  2110 cm-1 (different from the solutions con- 
taining chloride ions), there is probably the complex 
species Zn(NHzCHzCOO)SCN. Further addition of 
thiocyanate converts this into Zn(NH2CH2COO)- 
(SCN)z-, lowering the C=N stretching frequency to 
2100 cm-I. 

In  the solution containing equimolar quantities of 
ZnClz, glycine, and sodium thiocyanate, i t  is possible 
that, instead of the mixed complex species Zn(NH2- 
CHzCOO)SCNC1- being present, there may exist a 
mixture of two complex species Zn(NHzCHzCOO)z 
and Zn(SCN)zC12z-. If such were the case, the ob- 
servation that further addition of thiocyanate results 
in the disappearance of the Zn-C1 Raman line would 
mean that the latter species becomes Zn(SCN)42-. 
This species however, has the C z N  stretching fre- 
quency a t  2114 cm-l.I9 However, the observed value 
of 2100 cm-I in our solutions rules out existence of this 
tetrathiocyanato species. Furthermore, if the species 
formed were Zn(NHzCHzCOO) (SCN)Z- plus Zn(NH2- 
CHZCOO)CIz-, the Zn-C1 line would be expected a t  
287 cm-I, as noted earlier, and not a t  275 em-', as 
observed. These observations would seem to indi- 

cate that  there indeed exists the ternary complex spe- 
cies Zn(NHzCHzCOO)SCNC1- in these solutions. 

The shifting of the C-S stretching frequency of the 
thiocyanate ion from 747 to 820 cm-I suggests that  the 
thiocyanate is bound to the metal through its nitrogen 
end.19 However, a Raman line corresponding to this 
Zn-N stretching vibration was not detected. 

Cadmium-Glycine Systems.-Studies with Cd(II), 
instead of Zn(I1) in the above experiments, yielded 
results which were almost identical with those obtained 
with Zn(I1). A solution of Cd(N0& and glycine a t  pH 
2 gave Raman spectra, with the C-C stretching fre- 
quency shifted up to 902 cm-l. When chloride ions 
were present in these solutions, the Cd-C1 stretching 
frequencyz0 was also observed as a polarized Raman 
line a t  230 cm-l. This value for the Cd-C1 stretching 
frequency, which is quite different from the one for 
cadmium tetrachloride a t  259 cm-l, zo shows clearly the 
presence of a mixed complex species in solution, con- 
taining both the chloride ion and the monodentate 
glycine. Fedorov and Balakaevazl have isolated a 
number of monodentate cadmium-glycine complexes 
such as Cd(G1H)zBr2, etc., where GlH refers to  a glycine 
molecule, but they do not specify which end of the 
glycine is bound to the metal. From our spectra, 
from the similarity between the Cd(I1)- and the Zn- 
(11)-glycine spectra, we conclude that in the cadmium 
complexes also the oxygen atom of the carboxylate 
group is bound to the metal. 

When the pH of these Cd(NO&-glycine solutions is 
raised to about 5.0, changes take place similar to those 
for the Zn(I1)-glycine solutions. The C-C stretching 
frequency shifts to  around 915 cm-l and new polarized 
Raman lines appear around 400 cm-'. The spectrum 
of the ligand a t  this pH is characteristic of bidentate 
coordination, and the low-frequency Raman line can be 
assigned to the Cd-N stretching vibration. An equi- 
molar solution of Cd(NO& and glycine a t  pH 5 shows 
this line a t  415 cm-l, and the solutions containing mole 
ratios of glycine to Cd(I1) of 2 and 3 show this line a t  
405 cm-I. In none of the solutions is there appreciable 
free glycine as shown by the sharpness of the C-C 
stretching frequency a t  ca. 915 cm-l. For these 
reasons and because of the similarity of the Cd(I1)- 
glycine system to the Zn(I1)-glycine system, we can 
conclude that in this case also these complex species 
exist, containing mole ratios of glycine to Cd(I1) of 
1, 2, and 3, respectively. 

If CdC1, is used in the above solutions in place of 
the Cd(NOs)Z, a new polarized Raman line appears a t  
230 cm-l for the equimolar CdClz-glycine solutions. 
This line can be assigned to  the Cd-C1 stretching vibra- 
tion. When the ratio of glycine to the metal is increased 
to 2 and 3, this line disappears. We can conclude 
that there exists a t  least one mixed complex species 
and, by analogy with the similar zinc system, i t  should 
be Cd(NHzCHzCOO)C122-. 

(19) K. Taylor, T. V. Long, Jr., and R. A. Plane, unpublished data.  
(20) M. Delwaulle, Bull. SOC. Chim. France, 1294 (1955). 
(21) I. A. Fedorov and T. A. Balakaeva, Run.  J .  Inovg.  Chem., 5, 737 

(1960). 
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IVhen potassium thiocyanate is added to a solution 
containing equimolar Cd(T’;Os)z and glycine a t  pH 5.0, 
the thiocyanate yields a spectrum characteristic of 
coordinated SCN-. At lower thiocyanate concentra- 
tions, the C=N stretching frequency appears a t  2100 
cm-’ and, as the thiocyanate concentration is increased, 
this line moves down to 2095 cm-l, indicating, as in the 
case of the Zn(I1) system, the presence of mixed thio- 
cyanato-glycine complexes with Cd( 11). If thiocya- 
nate is added to an equimolar solution of CdClz and 
glycine, a t  pH 5 ,  for small amounts of added thiocya- 
nate, the Cd-Cl stretching frequency moves down to 
215 cm-l. When more thiocyanate is added, this line 
disappears completely. The C=N stretching fre- 
quency in all of these solutions is located a t  2095 cm-l. 
These results are very similar to those obtained for 
the ZnC12-glycine-thiocyanate system, and accordingly 
we conclude that the ternary complex Cd(NH2CH2- 
CO0)SCNCl- probably exists in these solutions. The 
C-S stretching frequency of the coordinated thio- 
cyanate is located at 775 cm-’ in all of these solutions, 
indicating bonding of the SCN- group to the metal 
through the nitrogen atom. l9 

Beryllium Chloride-Glycine System.-Spectra of 
BeC12-glycine solutions exhibited behavior very dif- 
ferent from those of the Zn(I1)- and the Cd(I1)- 
glycine systems. At pH near 2.0, the Raman spectrum 
of BeC12-glycine solutions shows the C-C stretching 
frequency around 915 cm-’. The NH2 stretching fre- 
quencies could not be detected, and the C-H stretching 
frequencies for these solutions are a t  2975 and 3010 
cm-l, indicating that the amino group is protonated. 
The large shift of the C-C stretching fequency indi- 
cates strong coordination of the ligand to  the metal, 

and, because the amino group is protonated, glycine 
seems to bind only through the oxygen atom of the 
carboxyl group. The solution containing a mole ratio 
of glycine to BeClZ of 1 shows the C-C stretching fre- 
quency at 920 cm-1; the solution containing a mole 
ratio of glycine to BeClz of 2 shows this line at 915 
cm-l. However, when the ratio of glycine to the 
metal is increased, the line moves down toward 896 
cm-l, which corresponds to the free glycine frequency. 
These results seem to suggest that  the Be(I1) coordi- 
nates only two glycine molecules. All of these solu- 
tions show a weak, broad Raman line at 440 cm-l, 
which probably arises from a Be-0 stretching vibration. 
When the pH of an equimolar solution of glycine is 
lowered below 1, the complex begins to dissociate, 
showing a Kaman line at 869 cm-’, characteristic of 
the C-C stretching vibration of the KH3+CH2COOH 
ion, in addition to the line a t  920 cm-l. 

As the pH of the above solution is increased progres- 
sively, the C-C stretching frequency shifts down, and, 
at pH 6.5, it  moves down to 896 cm-I. The rest of the 
glycine spectrum is still characteristic of the protonated 
amino group, and the entire spectrum resembles very 
closely the spectrum of the free glycine dipolar ion, 
NH3+CH2COO-. These changes can only be taken 
to mean that, as the pH is increased, the Be(I1) ion 
is hydrolyzed with the consequent dissociation of the 
glycine from the metal. Thus, a t  no stage in the pH 
range between 1.0 and 6.5 does the glycine seem to 
form a bidentate complex with the Be(I1) ion. 

The BeClz-glycine solutions at higher pH show a very 
weak, broad Raman line a t  430 c1n-l. Probably this 
line may be characteristic of some hydrolyzed Be(I1) 
ion. 
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Studies of the competition bctween water and other species as entering groups in the replacement of L from Co”’(NH3),L 
have been extended. The oxygen isotopic fractionation effect has been found to be the same within experimental error 
(10,001)  for HgClf, HgBr+, K3-, KO+, C1-, Br-, and KO3- as leaving groups. Trimethyl phosphate has been investi- 
gated as a leaving group, It is found that the competition ratios are different from those reported by Haim and Taube for 
two other systems involving neutral leaving groups. 


