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Ligand Substitution Dynamics
Substitution of a ligand in an inner sphere complex by an outside group
is the most fundamental reaction in metal ion chemistry
Harry B. Gray
Cooper H. Langford
f the 103 known elements, 83 are
classified as metals. Much of
the chemistry of this very large and
diverse family of elements is the chemistry of metals as ions in solution.
This includes some of those most familiar of all chemical reactions that we
meet in our first introduction to chemistry: the precipitation of halides as
their silver salts for identification; the
changes of color of copper ion solution
as ammonia is added; and many more.
Metal ions in solution are always
bound to other molecules or negative
ions. Species capable of good binding
to metal ions are referred to as ligands
and may be solvent molecules or other
good coordinating groups. The metal
plus the most firmly bound ligands
make up an aggregate species called
an inner sphere complex. Species immediately outside the inner sphere
complex are in the "outer sphere" environment.
Such complex compounds of metals
play key roles in important chemical
processes. Hemoglobin, the oxygen
carrier of blood, is an iron complex.
The green pigment of plants, chlorophyll, is a similar compound of magnesium. Vitamin B 1 2 contains a cobalt ion bound to another elaborate
ligand system. Many catalysts important to chemical synthesis are metal
ion complexes, and metal complexes
intervene in most electroplating processes.
If we are to understand and control
the chemistry of metal ions in solution,
we must understand the processes by
which their complexes are formed and
in ter converted. This is most often a
matter of the replacement of one coordinated ligand by another.
The
substitution of a ligand in the inner
sphere (leaving group) by an outside
group (entering group) is the most
fundamental of the reactions in metal
ion chemistry. In fact, all discussions
of reactions of metal complexes hinge
on an understanding of the dynamics
of their ligand substitution process,
since it is an ever present possibility.
To attempt a general theory of
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ligand substitution dynamics seems a
formidable task, since so many elements of such diverse properties fall
within the scope of the undertaking.
However, substantial progress has been
made, especially in recent years, because of a fascinating convergence of:
• Results of studies of certain model
systems by traditional methods for
analysis of rate and mechanism.
• Results over a broad time range
made available by application of new
fast reaction techniques developed
largely by Prof. Manfred Eigen and
his collaborators in West Germany.
• Results of applications of improved electronic structural models for
metal complexes to give added power
to theoretical correlations.
In this article we outline some recent advances in the understanding of
ligand substitution dynamics to reveal
the effectiveness of the interplay of
new and old techniques with fresh
theoretical insights.

Mechanistic language
To approach an understanding of
ligand substitution processes, it is first
necessary to catalog the kinds of experiments which are available in the
armamentarium of the "chemical dynamicist" interested in these problems

and to consider what sorts of information these experiments provide. Commonly, a student of chemical dynamics
studies reaction rates.
But such
studies may be approached from two
points of view. First, it is possible to
analyze the rate law for a reaction,
which is the differential equation relating rate to reactant concentrations.
This allows determination of the
species which are present in the transition state of the reaction. Second, if
it is assumed that a series of reactions
proceeds by related mechanisms, the
rates of the reactions may be compared and the energetic factors in activation inferred. In other words, it
may be possible to consider the role of
a variable entering group in a substitution and determine from the observed
rates whether the entering group plays
a role in determining the activation
energy for substitution.
Reaction
mechanisms for substitution processes
may be classified with respect to
these types of experiments. A useful
classification which considers reaction
types that can be defined "operationally" is constructed readily when
classification with respect to each of
the two types of experiments is approached separately.
Careful study of the reaction rate
law leads to identification of the reactant species which are components
in the transition state or participate in
reaction steps preceding the transition
state. In reasonably favorable circumstances, this leads, in turn, to identification of the number of elementary
steps necessary for the accomplishment
of the overall reaction. Substitutions
may follow one of three distinct, simple patterns: dissociative ( D ) , associative (A), and interchange ( I ) . The
dissociative reaction is a two-step substitution involving the initial formation
of an intermediate of reduced coordination number. The associative substitution proceeds in two steps through
initial formation of an intermediate of
increased coordination number. The
interchange pattern is a substitution
in a single step.
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Classification of ligand substitution mechanisms
Stoichiometric mechanism
Mode of
activation

Intermediate of
increased
coordination number

Associative
activation
Dissociative
activation

Intermediate of
reduced
coordination number

One-step
process
la
Id

Ligand substitutions may follow one of three mechanisms
X is the leaving ligand, Y the entering ligand, M the metal atom,
and L designates other ligands not involved in substitution
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Turning to comparison of rates of
related substitution reactions, the most
important single issue is the effect of
the entering group. If the rate of a
substitution is dependent upon the
nature of the entering group, clearly
the process of breaking the bond to
the leaving group is assisted by the
newly forming bond. If the rate of
substitution is quite insensitive to the
nature of the entering group, it is
difficult to imagine that binding of the
entering group is assisting substitution.
In the second case, the complex must
accumulate sufficient energy by ther
mal fluctuations to "dissociate" the
leaving group. Because these two
types of activation processes occur in
the A and D paths, respectively, they
are designated the a and d modes of
activation. Interchange processes may
employ either activation model I a or I d .
An alternative approach to classify
ing substitutions which differs from
the present scheme (see table) is the
scheme borrowed from discussion of
nucleophilic substitution reactions of
organic chemistry. The D process
may be designated S N 1 (substitution,
nucleophilic, unimolecular) and the A
process SN2 (substitution, nucleophilic,
bimolecular).
This classification is
widely used but may be argued to be
infelicitous for some I reactions. All I
reactions are "bimolecular" in the
sense that both the substrate complex
and the entering group must be par
ticipants in the transition state. But
the bimolecularity may be quite ac
cidental. An I d process is analogous
to a D process in that the transition
state is achieved by breaking the bond
to the leaving group. If the residual
moiety left behind when the bond is
broken is noticeably stable, an inter
mediate is formed which may survive
long enough to react selectively and
a two-step D reaction is observed. If,
however, the residual moiety left after
dissociation is highly energetic, it may
not be able to survive long enough to
react with any ligand except those in
its immediate outer sphere "solvation"
shell. An I d reaction which is "acci
dentally" bimolecular is the result.
The close analogy between the D and
I d processes in terms of mode of acti
vation is preserved in the SN1-SN2
classification scheme only by redefin
ing the concept of molecularity to
make it correspond to the number of
species changing covalency in the re
action step. Then D and I d reactions
are S N 1. The price of this maneuver
is to make molecularity a nonoperational concept. Molecularity then may
no longer be determined from race
laws. In this article we will employ
the scheme shown in the table be
cause mechanisms on the D-I d border
line have turned out to be extremely
common in ligand substitutions.

Metal ions in aqueous solution may be placed into four arbitrary classes

Substitution time scale
Metal ions in aqueous solution may
be placed into four arbitrary classes
based on the magnitudes of the rate
constants for substitutional processes
involving their complexes. For this
discussion we are concerned with reactions where the leaving group X =
H 2 0 , the solvent is water, and the
other inner sphere ligands (L n ) are
also H 2 0 molecules. Four categories
on a time scale are defined as:
• Class I. Exchange of water is
very fast; most, even "fast," kinetic
techniques are not applicable. First
order rate constants are about 10 s
sec. -1 or greater. Included in this
group are the alkali metal ions and
the alkaline earth metal ions except
M g 2 - and B e 2 - .
• Class II. The first order rate constant for water exchange is 10 4 to 10 s
sec. -1 Dipositive transition metal ions
plus the tripositive rare earth ions are
in this class, along with M g 2 4 \ Most
ions display characteristic rates independent of the entering group.
• Class III. First order rate constants here are 1 to 10 4 sec. - 1 Most
of the tripositive transition metal ions
such as Fe 3 + are in this class as are
Be-+ and AF+.
• Class IV. Complexes of Class IV
ions are relatively inert; first order
rate constants are commonly between
ICh1 and 10~° sec. ] Prominent members include Co 3 4 - , Cr 3 + , and Pt 2 + .
Before turning to finer mechanistic

details, we will examine the reasons
for the dramatic differences in substitutional reactivity of the metal ions.
For example, a factor of some 10 16 in
rate separates K ( H 9 0 ) x + and Cr( H 2 0 ) 6 3 + . Most of the large differences can be explained on the
basis of a simple electrostatic model
of binding, because there is a rough
correlation between the charge-to-size
ratio of the ion and its position in the
reactivity table. Other factors being
equal, we should expect that small,
highly charged cations should firmly
bind a relatively nonpolarizable ligand
such as water. Moreover, the higher
the charge, the stronger the binding
should be. Thus, Class I consists of
all the monopositive and several large
dipositive ions. Class II is composed
mainly of the smaller dipositive ions
and several large tripositive ones.
Class III includes the very small B e 2 and two small tripositive ions, Fe 3 +
and Al 34- . The very low reactivity of
the Class IV ions cannot be understood
in terms of this simple model. However, we recognize the ions in this class
as those having specially stable d n
ground-state electronic structures in
octahedral and square planar coordination environments.
In octahedral
structures, the d n configurations d 3 and
d 6 (low spin) have special stability, d 8
(low spin) is a notably stable ground
state for square planar coordination.
Class IV ions, then, all have extra
ligand-field ground-state stabilization
and a resulting low substitutional reactivitv.

Octahedral: d3 and d6 low
spin have special stability

Ligand field splitting

Square planar: du low spin
has special stability

Model

systems

Class IV complexes have been
studied extensively because the rates
are slow enough to permit using conventional kinetic techniques.
Rate
constants for exchange of water at
25° C. in three exemplary cases are:
• Octahedral d 6 low spin; Co(NH 3 ) 1 OHo 3 + ; k = 6 x 10- 6 sec." 1
• Octahedral d 3 ; C r ( O H 2 ) e 3 + ; 6k
= 2 X 10~5 sec.- 1
• Square planar d 8 low spin; Pt(dien)OH 2 2 + ; k = 1 X 10" 3 sec." 1
The ligand "dien" is diethylenetriH
amine: N H , - ( C H , ) 2 - N - ( C H 2 ) 2 NH 2 .
We shall now explore the types of
experiments which have led to detailed
understanding of cobalt (III) and
platinum (II) reactions like the ones
above, because it is emerging that the
octahedral complexes of cobalt (III)
and the square planar complexes of
platinum (II) have functioned admirably as models for the development of
key concepts and experiments for understanding ligand substitution processes in general.
Activation

modes

The mode of activation may be deduced from studies of the rate dependence on the nature of the entering
group. In cobalt (III) substitutions,
it is a very general result that, excluding hydroxide ion, variation of the
entering group does not significantly
change the rate of reaction.
Rate
laws commonly are strictly first order,
reflecting the fact that, in the absence
of entering group effects, the most
populous entering group—the solvent—
usually enters. Other ligands appear
in the rate law only if a solvent molecule is the leaving group. This behavior clearly indicates failure to discriminate among entering groups and
is characteristic of the dissociative
mode of activation.
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In contrast, rates of platinum (II)
substitutions are strongly dependent
on the entering group. A reaction
which has received much attention recently is :

We'd like to comment now on the
electronic theory of the modes of ac
tivation under scrutiny here. In the
case of cobalt (III) substrates, there
is a close correlation between the
ligand field strength and inertness of
the ligand as a leaving group. For
example, we have the rate order for
leaving groups:

irans-Pt(pip) 2 Cl 2 + Y >
frans-Pt(pip) 2 (Cl)(Y) + Cl~
where pip = piperidine

I - > Br- > CI- > F - > CN-

The rate law for this reaction has the
form:

and the ligand field strength order:

Rate = (kj. + k 2 [Y]) [substrate]

CN- > F - > CI- > Br- > I -

The second order term (k 2 ) is what
we would expect for an associative
mode of activation. All evidence suggests that the first order term ( k ^
does not indicate a concurrent dissociative mechanism, rather another associative process involving the solvent.
The following are values of k 2 for various entering groups for the substrate
irans-dichloropiperidineplatinum(II) in
ethanol at 30° C , taken from very recent work by Prof. Umberto Belluco
and his coworkers of Padcva, Italy:

The ligand field splitting is a measure
of binding to metal d orbitals. Recent
research indicates that the order re
flects increasing σ binding to d or
bitals, with 7Γ orbital effects in a dis
tinctly secondary role. With this in
mind, we propose, other things being
equal, that the electronic mode of ac
tivation at cobalt (III) involves break
ing a σ bond to a metal d orbital [in
Co(NH 3 ) 5 X 2 + this would be d z 2 ].
In platinum (II) substitutions, there
is no similar correlation of ligand field
strength and inertness of leaving
groups. For example, the halides de
part in opposite order to that observed
for cobalt ( I I I ) :

Y

k2X lO^M-isec.-1

36C1-

BrSCNSeCNSC(NH 2 ) 2

0.9
6.9
400
3300
4600

These rate data may be considered
definitive for an associative mode of
activation. The magnitude of the rate
constant k 2 is influenced profoundly
by the nature of Y. Experiments of
this type have led to an ordering of
entering groups for platinum (II) substitutions on a generalized relative rate
scale:

This plot of log rate constant vs. log
of equilibrium constant is for the acid
hydrolysis reaction of [Co(NH3)nX]2+
ions.
Measurements were made at
25.0° C. Points are: 1, X" = P; 2,
X- = H 2 P(V; 3, X- = CI"; 4, X" =
B r ; 5, X" = l~; and 6, X" = NO.-. The
log of a rate or equilibrium constant is
proportional to a free energy change.
Note that each change of 1.0 kcal. in
the overall free energy change for the
reaction is paralleled by a 1.0-kcal.
change in the free energy required for
activation. It is only the leaving anion
that is being varied.
As the leaving
anion is varied, the only significant
change in the overall reaction is the
change in the solvated anion produced
as a product. The linear free energy
relationship implies that the transition
state resembles closely the product
with respect to this variation.
It
follows that the leaving group must
be functioning very nearly as a solvated
anion in the transition state; that is,
effective dissociation has occurred

PR 3 > C N - , S C ( N H 2 ) 2 , S e C N - > S 0 3 2 - , S C N " , I - >
10 6
10 4
~1Ô2~
Br~, N 3 - , N Q 2 - , py, NH 3 , C I - > OR~
1
0.1 ?
In both a and d modes of activation
the bond to the leaving group must be
"perturbed" in the transition state. In
the dissociative mode, the effect should
be most dramatic (and independent
of the entering group). But for associative activation, the leaving group
effect should be variable, being of
great importance for poor entering
groups.
For cobalt (III) substrates, there are
enough equilibrium and rate data
available to show a linear free energy
correlation (log k vs. log K) for the
substitution reaction:
Co(NH3)5X2+ + H 2 0 ^
Co(NH 3 ) 5 OH 2 3+ + X In the expression AAG* =

/?A(AG°),

β = 1.0, supporting dissociative acti
vation.
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CI- ~ Br- > I And, in general, for platinum (II) it
appears that heavier donor atoms are
more inert than lighter members of
an analogous series. This indicates
that binding to d orbitals alone can
not explain the reactivity pattern.
Specifically, this suggests an important
role for the platinum (II) 6p orbitals.
Strong binding to the large 6p orbitals
would benefit the heavier donor atoms
with more expanded valence orbitals.
This would provide the simplest ex
planation for the anticorrelation of
ligand field splitting and ligand inert
ness. There are other strong indica
tors for the role of 6p orbitals in plat
inum (II) substitutions, which we will
discuss shortly.
The entering and leaving group ef
fects establish the cobalt (III) sub
strates as models for dissociative acti
vation and platinum (II) substrates as
models for associative activation. In
terms of potential energy profiles, we
suggest the details of activation shown
below:

Other relative rate studies are consistent with different modes of activation for the model cobalt (III) and
platinum (II) substrates. TWO of particular interest which may be acceptable for general use are steric effects
and substrate-charge effects. Generally, steric crowding due to substituents on the nonlabile ligands rapidly
accelerates cobalt (III) substitutions,
where the transition state is less
crowded. In platinum(II) cases, however, crowding in the ground state
slows the reaction enormously, consistent with associative activation in
the unhindered cases. Indeed, the
most sterically hindered platinum (II)
and palladium (II) complexes may be
forced into dissociative activation.
This is près urn ablv the case for the
complex Pd(Et 4 dien)Cl+
[Et 4 dien
is ( C 2 H r , ) 2 N - ( C H 2 ) 2 - N ( H ) - ( C H 2 ) 2 N ( C 2 H r j 2 ] , which reacts 10 4 times
slower than unhindered Pd(dien)Cl+
in water, and at least 10 5 times slower
in dimethylsulfoxide.
Interestingly,
the rates for Pd ( Et 4 dien ) C1+ are
about the same as those for analogous
rhodium ( III ) substitutions.
The substrate-charge effect for cobalt (III) and platinum(II) systems is:

S u b s t r a t e (chargej

k; i i i - O ; . s e e . ' j'J'i

trans-Pt(NH 3 ) 2 C:i,

9.8 x 1 0

Pt(xn:i).-,t:i-

' ο -> 10

fra/is-r:()i\Il:;;('i,
C o i X i l ;),(;!'

Trans effect in Ft(11)

M o d e of a c t i v a t i o n
Associative

5

ΖΛ) X 10 '

;

»> 7 \ 10 ''

,

The much larger effect of substrate
charge is consistent with dissociative
activation in the cobalt (III) case.
The models cobalt (III) and plati
num (II) allow us to extract some use
ful generalizations concerning relative
rates expected for the two different
modes of activation. These general
izations are:

C.

_

ι- η

' H i l l u*"iîl,<·

1

r

1

Ui

Entering group
Large

\ anabîe

\ ery jarg»·

( »··:;

in rate
Dissociative

Large

Negligible

Modérait'
to large
increases
in rati·

( ieiieraliv . ; ·

substitutions

A particularly significant influence
on rates due to nonlabile ligands is
the trans effect in platinum (II) substitutions. The presence of this effect
allows us to say more about the structure of the transition state. From experiments, we know that in platinum (II) substitutions the rate of reaction depends strongly on the nature
of the ligand in trans position to the
leaving group. Conversely, there is
little or no influence from the two cis
ligands. From this result we can extend the mechanism of associative activation to include a definite structural
arrangement of ligands in the transition state. A particularly attractive
model assumes trigonal bipyramidal
structure for the transition state:

X

t-Y

0

trans

trans
Transition state
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The advantage of this model is that
it allows an understanding of large
effects due to entering, leaving, and
trans groups and relatively small ef
fects due to the cis groups. Specifi
cally, there are large orbital changes
in going from the ground state for the
three ligands present in the trigonal
plane.
The observed trans-effect order of
ligands, on a relative rate scale, is set
out below. Two factors are of possi
bly major importance in giving this ef-

Trans-labilizing order of ligands
According to the τι-bonding theory,
the trans-labilizing order parallels the
order of π-electron accepting ability
of the labilizing ligand. This was
reasoned on the basis of the idea that
upon forming the trigonal bipyramidal
intermediate from the square planar
structure four rather than three d orbitals would then have the proper sym
metry for 7Γ interaction with the li
gands. A trans group with empty,
reasonably stable ττ-symmetry orbitals
would then lower the energy of the
transition state simply by accommo
dating the excess electronic charge
around the central metal atom due to
the entering ligand. The finding that
groups such as PR 3 , H - , and C H 3 are good trans-labilizing ligands sug
gests that other factors are also at
play. Here again we infer a role for
platinum (II) 6p orbitals. If the trans
group has strong σ interaction with
the metal ρ orbital (which H - and
C H 3 - should have from overlap con
siderations), then the bond to the
leaving group will be relatively weak
in the square planar structure. In the
transition state the leaving and enter
ing groups share the previously unoc
cupied 6p z orbital; the driving force
of the reaction is provided by the ten
dency of the trans ligand (T) to own
as much of its own ρ orbital as pos
sible. This is shown by:
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Thus far we have not looked be
yond the transition state in either co
balt (III) or platinum (II) substitu
tions.
The most difficult area of
mechanistic study involves character
ization of the number of elementary
steps leading to products. In the co
balt (III) case, three studies may be
singled out as exemplary in the estab
lishment of stoichiometric
mecha
nism.
In the case of C o ( N H 3 ) 5 O H 2 3 + as
substrate, rates of water replacement
by ligands Y reach limiting values
when the [ C o ( N H 3 ) 5 0 H 2 3 + , Y - ] ion
pair forms. These limiting rates do
not depend significantly on the nature
of Y, and, furthermore, they are lower
than the rate of 1 8 OH 2 exchange. A
satisfactory picture emerges by assum
ing that one of perhaps eight positions
in the outer sphere is occupied by Y
and, therefore, k(Y) ^
l/8k(H20)
for an I d mechanism. If the reactions
were D, the limiting rates would have
to reach the water exchange rate.
Two studies have emerged as
models for D mechanisms. The sub
stitutions of C o ( C N ) 5 O H 2 2 - and
C o ( S 0 3 ) ( N H 3 ) 5 + by various enter
ing groups may be fit to rate laws
appropriate to two-step D reactions.
Selective reactivity of the five-coordi
nate intermediate is observed. Fur
thermore, the rate of H 2 0 exchange
in C o ( C N ) 5 O H 2 2 - is known with fair
precision and is consistent with the
two-step D process.
In the platinum (II) substitutions,
there is strong evidence external to
rate studies in support of the stable
five-coordinate intermediates required
along two-step A pathways. The evi
dence is the existence of several stable
trigonal bipyramidal platinum ( II ),
palladium ( I I ) , and nickel (II) com
plexes. Two complexes of relevance
are N i ( C N ) 5 3 ~ and P t ( S n C l 3 ) 5 3 - .
Finally, then, we may come to
strong conclusions with respect to the
modes of activation in cobalt (III) and
platinum (II) systems. There is more
uncertainty with respect to stoichio
metric mechanism:
A mechanisms
are a solid choice for platinum (II)
systems, but cobalt (III) systems are
so near the D-I d borderline that cross
over has been observed and future
cases will need to be judged on an
individual basis.
Considering ions
more generally, it appears that modes
of activation may be assigned with
some confidence now. Square planar
complexes in general appear to em
ploy the a mode. The reactions of the
Class II ions (water exchange char
acteristic time 10 - 4 to 10~8 s e c ) ,
which are entering group insensitive,
strongly suggest the d mode. Work
on the analysis of stoichiometric
mechanism in fast reactions is just
beginning.
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CHEMICAL SALES

The B o r d e n C h e m i c a l C o m p a n y ,
A d h e s i v e s & C h e m i c a l s Division,
350 M a d i s o n Avenue, New Y o r k . N.Y. 10017

Kalamazoo, Mich. 49001, U.S.A., 616-345-3571. Cable: UPJCHEM
©1968, The Upjohn Company

J

^

TRACE analysis by
ATOMIC ABSORPTION SPECTROMETRY
—30 elements available-detection limits gen
erally less than 1 ppm—interferences low-solu
tions or fine suspensions processed rapidly.
THORPE LABORATORIES—SINCE 1948
P.O. Box 842—Paso Robles—Calif. 93446
—dial direct: area 805. 238-2233

ROBINETTE RESEARCH
LABORATORIES, INC.
Industrial Research · Consultation
Technical Surveys
Product Development
Textile, Ion Exchange Technology
Chemical Market Research
Berwyn, Pa. Niagara 4-0601 Area Code 215
Member, Amer. Council Ind. Labs., Inc.
For Gasoline and Oil Additive Suppliers:
VALLEY FORGE TESTING COMPANY
P. O . Box 171
King of Prussia, Pa.
Phone: 215 MUrray 8-7317
The best carburetor anti-icing performance
testing available anywhere
Evaluation of Carburetor Detergent Performance
Lab Engine, Road and Fleet Tests
Road and Fleet Tests of Lube Oil Additives
According to our experience, or yours

Viscosity

FROM A DOMESTIC SOURCE
cl

TECHNICAL SERVICES

Variable

^

2,4,6-TRICHLOROANILINE

SECTION

Π Π BORDEN
I CHEMICAL

tiboiAA

/SPECTRO-CHEMICAL
LABORATORY
Division of Coors Porcelain Company
AIR & WATER POLLUTION INVESTIGATIONS
Monitoring
General Analytical
Services
P.O. B o x 5865
D e n v e r , C o l o r a d o 80217
Tel (303) 279-6565

CF a + M ASS-SPEC™ KIT
EIGHT

ASSOCIATIONS
Continued

FLUORO-STANDARDS

in a convenient

from

page

WITH M O L WTS. to

1185

Society of Plastics Engineers is cooper

$215-0°/kit

ating with the university.
PENINSULAR

PCR

\0.

62

kit

CHEMRESEARCH

BOX 14318. GAINESVILLE. FLA 326C

INC.

>HONE 904 376 1522 OR TWX 810 825 6342

Program in

cludes technical papers and a molders'
workshop.

Write Engineering

University

Extension,

Dept.,

University

of

Wisconsin, 432 North Lake St., Madi
son, Wis.

EQUIPMENT MART

TECHNICAL SERVICES

8th

International

Speed

Congress

den, June 23 to 29.
FIRST I N WATER

Write

for Equipment

ANALYSIS

Catalog

HACH C H E M I C A L COMPANY
Ames, Iowa 50010

-per

fee

priced at far less than reproduction cost!
Ideal for chemicals, gases, pneumatic use, hydraulics and liquid;.
HIGH PRESSURE TANKS, 500 PSI (M* pipe threads each end)
G — 1 W — 1 2 " χ 24"—has standup base
c
for easy
filling.
$19.50
G—1 12'U 24"—2000 cu. in. less base $18.50
D—2 6" χ 24" Magnetic Type Stainless $8.95
Many sizes in stock up to 3000 psi—write
Send Purchase Order. Terms 2% 10 days, 30 days net.
A. C. TANK CO., Dept. Z-468, P. O. Box A
BURLINGTON, WIS. P h o n e 414-763-3311
76
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MASS SPECTROSCOPY
IR—NMR-EPR
Compound Identification—Molecular Weight
and Structure—Gas Analysis—Isotopic Analy
sis—Technical Assistance Available.

on

High-

Photography, Stockholm, Swe
Write

Box 23,

Stockholm 80, Sweden, by April 15.

WEST COAST TECHNICAL SERVICE
1049 S. San Gabriel Blvd., San Gabriel, Calif. 91776
(213) 287-2657
SCHWARZKOPF
MICROANALYTICAL LABORATORY
56-19 37th A v e . , Woodside, N.Y. 11377
Telephone: Code 212, HAvemeyer 9-6248, 9-6223
Complete Analysis of Organic Compounds
Results within one week
Elements, Functional Groups, Molecular Weights
Physical Constants, Spectra
ANALYSIS OF ORGANO METALLICS
BORO-FLUORO AND SILICON COMPOUNDS
Trace Analysis Microanalytical Research
MOLECULAR WEIGHT STANDARDS
M E M B R A N E S FOR O S M O M E T R Y
P O L Y M E R A N A L Y S I S by
GEL PERMEATION CHROMATOGRAPHY,
OSMOMETRY, VISCOSITY and L I G H T
SCATTERING
DIFFERENTIAL THERMAL ANALYSIS
ArRo Laboratories, I n c .
1107 West Jefferson
Joliet, Illinois 60435
Telephone 815-727-5436

MEN AND MOLECULES
. . . released for broadcast after
April 5 is titled the second barrier
and features Dr. Lee Hood of NIH.
See "Men and Molecules" list
ings beginning on page 42 of
C&EN for Jan. 1 for stations
broadcasting in your area.
Each
week C&EN announces here the
"Men and Molecules" program to
be released the following Friday.
Call your local station to find out
when specific programs you are
interested in will be broadcast.

