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FIGURE 36.1

Pressure dependence of the observed rate
constant for the unimolecular isomeriza-
tion of methy! isocyanide.

IData from Schneider and Rabinovitch,
“Thermal Unimolecular Isomerization of
Methyl Isocyanide - Fall-Off Behavior,”
J. American Chemical Society 84

(1962): 4225.]
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Substituting Equation (36.27) into Equa
expression for [P]:

d[P]

dt

Equation (36.28) is the central result of
observed order dependence on [A] depen
k. At high reactant concentrations, k—{ ¢

dld
dt
Equation (36.29) demonstrates that at hig
that Po/RT = n,s/V = [A]) the rate of
consistent with experiment. Mechanistica
be produced faster than decomposition occ
rate-limiting step in product formation. #
and Equation {36.28) becomes
d(P]

dt
Equation (36.30) demonstrates that at low |
becomes the rate-limiting step in the reactic
order in [A].
The Lindemann mechanism can be gen
lar reactions through the following generic

ky
A+ M=
k_

A" —
In this mechanism, M is a collisional partne

other species such as a nonreactive buffer ga
formation can be written as follows:

d[P]  kiky[A]

dr kM

In Equation (36.33), k,,,; 1s the apparent rate
-k

okl

In the lirnit of high M concentrations, k_;[M
an apparent rate constant that is independs
decrease until k, > k_[M], at which poi
demonstrates first-order dependence on M, F

yato Amendn 2 i~




B RS W VWIS iy

Kyt

. il

10° : : : ' ¢
o ‘ \ Equation (36.30) demonstrates that at
: . CHeNC —— CH,eN becomes the rate-limjtip g step in the re
| ' ' order in [A],
. . . The Lindemann mechanism can be
10 Pres 13 o/Torr 10 lar reactions through the following gen
fessur r
FIGURE 36.1

A+ M
Pressure dependence of the observed rate

constant for the unimolecular isomeriza-
tion of methy] 1socyanide.

A
[Data from Schneider and Rabinovitch, _ _ : ..

“Thermal Unimolecular Isomerization of In this mefshamsm, Misa colhs.lonal pe
Methy! Isocyanide - Fall-Off Behavior.” other species such as d nonreactive buff

J. American Chemical Society 84

formation can be written as follows:
(1962): 4225.]

d[P] ki,

dt k_y1
In Equation (36.33), k,,,; is the apparent |

(o]
|

kam =3

In the limit of high M concentrations, k_,
4N apparent rate constant that jg indep
decrease until k, > k-[M], at which
demonstrates first-order dependence on M
rate constant for the 1somerization of me
230.4°C by Schneider and Rabinovitch, T
ear relationship between ki and pressure
corresponding limiting behavior of Equat
addition, at high pressure k.. reaches a cor
limiting behavior of Equation (36.34).
The Lindemann mechanism provides g
for a unimolecular reaction will vary

tionship between
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FIGURE 36.2
Plotof k. versus [M]™! for he unimole-  Equation (36.34), the rela

cular isomerization of methyl isocyanjde

at 230.4°C. The solid line is the best fit to
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| mechanism by which reactants are converted to
nechanism involving the catalyst results in a sec-
tants and products. The activation energy along
wer in comparison to the uncatalyzed reaction;
ncrease. For example, consider Figure 36.3 in
1 of reactant A to product B with and without a
italyst, the rate of product formation is given by
, a second pathway is created, and the reaction
i1s the rate for the catalyzed reaction, orry + r..
n is found in the electrical circuits depicted
strical circuit, a second, parallel pathway for
r increased total current when compared to the
addition of the second, parallel pathway is
chanism involving the catalyst.
bine with one or more of the reactants or with
-eaction. After the reaction has taken place, the
nc erreactant or intermediate in a subsequent
Juring the reaction, so a small amount of cata-
ms. The simplest mechanism describing a cat-

k
s = sC (36.36)
=}
k .
— P+C (36.37)

rate, C is the catalyst, and P is the product. The
ited by SC and is an intermediate species in this
sion for product formation is

L k[SC] (36.38)

write the differential rate expression for this
yXimation:

~ k_4[SC] = k,[SC] = 0

= (36.39)

5 the composite constant and is defined as

36.40
a ( )

A—»g

Ay

Frotar = fp = VIR

Uncatalyzed

Irotar = fo + ig = VIAy + VIR,
Catalyzed

FIGURE 36.3

[lustration of catalysis. In the uncatalyzed
reaction, the rate of reaction is given by
rg. In the catalyzed case, a new pathway is
created by the presence of the catalyst
with corresponding rate r.. The total rate
of reaction for the catalyzed case is

ro + r,. The analogous electrical circuits
are also presented for comparison.
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K., the reaction rate should increase
slope equal to k,[CJo/K,,. Parameters
nparing experimental reaction rates to
to determining these parameters is to
g relationship between the reaction rate

—~

1 1
3o k2[Clo

(36.50)

1e inverse of the initial reaction rate ver-
ould yield a straight line. The y intercept
and k,, assuming [C]g is known.

/here [S]o = K, the denominator in
resulting in the following expression for

= Ryux (36.51)

a ~ miting value where the rate becomes
s limit, the reaction rate can only be
t. An illustration of the variation in the
ation predicted by Equations (36.49)

[Clo

'_k; (36.52)

irst order in [S]y but can be first or zero
C]g relative to K,,,. In catalysis studies,
tht to be gained regarding the rate con-
>asily evaluated for the previously dis-
n be expensive; therefore, employing

36.4 CATALYSIS 963

(Slo
(a)

1/Rate (M~ 5)

([Clo) ™" 7
0
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Clo = Ryax (36.51)
each a limiting value where the rate becomes
[n this limit, the reaction rate can only be
atalyst. An illustration of the variation in the
icentration predicted by Equations (36.49)

ka[S]o[Clo (36.52)
[C]U + Ky,

ate is first order in [S])g but can be first or zero
de of [C]y relative to K,,.. In catalysis studies,
1e insight to be gained regarding the rate con-
more easily evaluated for the previously dis-
ysts can be expensive; therefore, employing
ffective.

zyme Kinetics

rve as catalysts in a wide variety of chemical
reaction specificity, with nature having devel-
1t majority of biological reactions required for
.. with associated substrate is presented in
-filling model derived from a crystal structure
a bound substrate analogue (red). This enzyme
yspholipids. The substrate analogue contains a
e enzyme-susceptible ester. The substrate ana-
s so that it does not suffer chemical breakdown
sess. With reactive substrate, ester hydrolysis
n are released from the enzyme, resulting in

lipase A, catalysis can be described using the
/me activity illustrated in Figure 36.6. The fig-
or enzyme reactivity in which the substrate is
here the reaction is catalyzed. The enzyme and
complex, which dissociates into product and
involved in creation of the enzyme-substrate

0
0
[Slg
(a)
o
T
2
z
[1e]
T
(Ko[Clo) ™
0 p
3]
1Sy
(b)
FIGURE 36.4

Illustration of the variation in the reaction
rate with substrate concentration under
Case 1 conditions as described in the text.
{a) Plot of the nitial reaction rate with
Tespect to substrate concentration
[Equation (36.49)]. At low substrate
concentrations, the reaction rate increases
linearly with substrate concentration. At
high substrate concentrations, a maximum
reaction rate of ky[C]g is reached.

(b) Reciprocal plot where the inverse of
the reaction rate is plotted with respect to
the inverse of substrate concentration
[Equation {36.50)]. The y intercept of this
line is equal to the inverse of the maxi-
mum reaction rate, or (£5[CJg)™". The
slope of the line is equal to K ,, (ko[ Clo)™;
therefore, with the slope and y intercept,
K, can be determined.
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Enzyme (E) Substrate (S}

Enzyme—substrate complex (ES)

Product (P)

FIGURE 3.6
Schematic of enzyme catalysis.

motivation here 18 (o Jescribe enzyrme Kineu
catalyzed reactions.
A schematic description of the mechanism 1}

ky
E+8§ —— ES -

Koy

In this mechanism, E is enzyme, S is substrate
Comparison of the mechanism of Equation (36.
described earlier in Equations (36.36) and (36.3
identical to the general catalysis mechanism ¢
enzyme E. In the limit where the initial substrat
than that of the enzyme ([S]p > [E], or Case
the rate of product formation is given by

In enzyme kinetics the composite constant K, 1
Michaelis constant in enzyme kinetics, and ]
Michaelis—Menten rate law. When [S]y => k
lected, resulting in the following expression for

Equation (36.55) demonstrates that the rate of |

maximum value equal to the product of initial
constant for product formation, consistent with
A reciprocal plot of the reaction rate ca
Equation (36.54), which results in the Linewean

1 1 !

= + —
RO Rmax

For the Michaelis—Menten mechanism to be cc
inverse of the initial rate with respect to [S]y".
the y intercept and slope can be used to determ
Michaelis constant. This reciprocal plot is refe
In addition, because [E]y i1s readily determin
can be used to determine kj, referred to as f
[Equation (36.55)]. The turnover number can be
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Rate (M s™Y) 1% U2) \iaivay

2.78 X 1070 1.25
5.00 X 1077 2.5
8.33 X 107° 5.0
1.67 X 1074 20.0

Determine X, and k, for the enzyme at this temperature.

Solution

The Lineweaver—Burk plot of the rate™ versus {CO, ] is shown here:

40000 -1

Rate "M~ 's

0 0.4 0.8
[CO,)™ mm™

The y intercept for the best fit line to the data is 4000 M ™! s corresponding to
Rypar = 2.5 X 107* M s, Using this value and [E]y = 2.3nM, &y is
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‘ Lumww) L, (ES)

[S] J K;
—- L1} +1 (36.64)
[S]K:
; rate may —
[Elo
36.65
Kn . Knll 609
5] " TSIk, )
given by @ Yeratemax ] 4
ko[E]o _ ko[ S][E]o :
(m Km[l] [I] ! : Key
— [S] + Km(l + —) - — No inhibitor
§)  [S]K; i '+ |— Inhibitor
ka3 1ol Eo e
2 T (36.66) K Ko
+ K m( 1+ —) (Sl
K; (a)
it [ES] and [P] << [S] has been employed so
previous treatment of uninhibited catalysis. Key
corresponding expression for the uninhibited . — No inhibitor
t with competitive inhibition, a new apparent ~ Inhibitor
[I]> 3
K1+ — 36.67)
sse ce of inhibitor ([I] = ). Next, using the
fined earlier in Equation (36.55), the reaction
. can be written as |~
1/Hatemayx
Rmax S )
el So ]0* (36.68) 1Sl
[S}O + K (b)

and more substrate is required to reach half the FIGURE 36.8
nhibited case. The effect of inhibition can also  Comparison of enzymatic reaction rates in

of the following form: the presence and absence of a competitive
. inhibitor. (a) Plot of rate versus initial

. Knm 1 (36.69) substrate concentration. The location of

ax  Roar [So ' K, and K, is indicated. (b) Recjprocal

plots (1/R versus 1/[S}y). Notice that
eweaver—Burk plot will be greater with inhibitor  1/R,,,, is identical in the presence and
figure 36.8 presents an illustration of this effect. absence of a competitive inhibitor.
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NH,

T
NH,

Sulfanllamide

NH,

CO.H
prAaminobenzol: acld

FIGURE 36.9

Struciural comparison of the antibacterial
drug sulfanilamide, a competitive irhibitor
ol the enzyme dihydropteroate synthelase,
and the actlive substraie, p-aminobenzoic
acid. The change in funcuonal group

from — CO5H 10 — S0,NH,; is such

that sulfanilamide cannot be used by
baclena to synthesize folate, and the
bacterium starves.

Competitive inhibition has been used in drug design for antiviral, antibacterial, & Substituting Equation (36.75) into Equation (36.74) yields
and antitumor applications. Many drugs are molecules that serve as competitive & for (Cl):
inhibitors for enzymes required for viral, bacterial, or cellular replication. For exam- {
ple sulfanilamide (Figure 36.9) is a powerful antibacterial drug. This compound i
similar 10 p-aminobenzoic acid, the subsirate for the enzyme dihydroptercare sy
thetase that participates in the production of folate. When present, the enzyme in
bacteria cannat produce folate, and the bacteria die. However, humans do not poss

sess this enzyme; they obtain folate from other sources. Therefore, sulfanilamide i§
not 1oxic. i

kmmo_wﬂoha;ow
£1[O3} + kO]

sing Equation (36.76), the rate law expression for the cat

fc) =

d{0
Reae = I% = k[CI][Cy] =

.‘n_ku—ﬁ::
£, {0s]
& The composition of the stratesphere is such that [O,) = |

with the numerical values for &, and k; presented earlii
‘denominator of Equalion (36.77) can be neglected, and

36.4.5 Homogeneous and Heterogeneous Catalysis

A homogeneous catalyst is a catalyst that exists in the same phase as the specied
invalved in the reaction, and a heterogenmeous catalyst exists in a different phase n Ivzed ion b
Enzymes serve as an example of a homogeneous catalyst; they exist in solution and cat- e catalyzed reaclion becomes

alyze reactions that occur in solution. A famous example of gas-phase catalysis is the 1 Rear = ka[C)roraf O)
catalytic depletion of siratospheric ozone by atomic chlodne. In the mid-1970s,] R .

E. Sherwood Rowland and Mario Molina proposed that Cl atoms calalyze the decom- & The ratio of catalyzed to uncatalyzed reaction rates is
position of stratospheric ozone by the following mechanism: _ Rey  &2(Clloras

ky Ry »:LOL

Cl+ 0, — ClIO +Q,
Kz

CI0+0 —Cl+ 0,

——eremmmam w 3 244 X 100M

== x0?="" "2

e Kne 330 X 1P M 'g7!

0y + 020, (36.72)
In this mechanism, Cl reacts with ozone to produce chlorine monoxide (ClO) and
molecular oxygen. The CIO undergoes a second reaction with atomic oxygen, largely =
formed by Oy photolysis, resulting in ihe reformation of Cl and the product of O,. The!
sum of these reactions leads to the net conversion of O and O to 2 O,. Notice thal the’
Cl is not consumed in the net reaction, .
The catalytic efficiency of Cl can be determined using standard technigues in kinet: 2

ics. The expenmentally determined rate law expression for the uncatalyzed reaction of
Equation (36.72) is

{Therefore, through Cl-mediated catalysis, the rate of Oy los
magnitude greater than the loss through the bimolecular reac
1t Where does stratospheric Cl come from? Rowland and M
ssource of Cl was from the photolysis of chiorofluoracarbons :
- anthropogenic compounds that were common refrigerants at
are exiremely robust, and when released into the aumosphere,
port through the troposphere and into he stratosphere. Once
6= molecules can absorb a photon of light with sufficient energ
bond, and Cl is produced. This proposal served as the impel
c__u stratospheric ozone depletion, and it led to the Montreal

majority of nalions agreed 1o phase out the industrizl use of ¢
" Heterogeneous catalysts are exremely impartant in indus
ty of industrial catalysts are solids. For example, the synthesk
H_a Hy is catalyzed using Fe. This is an exdmple of heteroge
reactants and product are in the gas phase, but the catalyst is
in reactions involving solid catalysis is the adsorplion of one
the solid surface. First, we assume that the particles adsorb (o
‘ing their internal bonding, a process referred 1o as physisor

LT Sy R [ 1 1 [

N:ﬁ = k:nﬁo:OL

The stratospheric temperature where this reaction occurs is roughly 220 K,.at/&
which temperature &,, has a value of 330 X 10°M™'s™'. For the Cl calalyzed
decomposition of ozone, the rate constants at ihis temperature are
ky =156 X 10'°M7' s and ky = 2.44 X 10'°M™ 5! To employ these rates in
delermining the overall rate of reaction, the rate law expression for the catalytic
mechanism must be ¢ mined. Notice that both Cl and CIO are intermedi-  in

this mechanism. Applying the steady-siate approximation, the concentrau.a of 8
intarmediatee ic takan o be a conctant ench that
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FIGURE 36.10

Illustration of fractional coverage 6. The

surface (orange parallelogram) contains a
series of adsorption sites (white circles).
The reactant (blue spheres) exists in an
equilibrium between free reactants and
adsorbates. The fractional coverage is the
number of occupied adsorption sites
divided by the total number of sites on
the surface.

th*‘
05 atm—1 e

Studies of adsorption involve measuring t!
of reactant-gas pressure at a specific tempera
fixed temperature is called an adsorption
describing the adsorption process is known as
is described by the following mechanism:

R(g) + M (surface) =

In Equation (36.80), R is reagent, M (surface
surface of the catalyst, RM (surface) is an oct
stant for adsorption, and &, is the rate consta
are employed in the Langmuir model:

1. Adsorption is complete once monolayer c¢
2. All adsorption sites are equivalent, and the

3. Adsorption and desorption are uncooper:
the adsorption site will not affect the pro
adjacent sites.

. With these approximations, the rate of change

adsorption k,, reagent pressure P, and the nu
N(1 — 6) or the total number of adsorption s

open {1 — 0):
d
dt abs

The comresponding change in 8 due to desor
desorption k,; and the number of occupied adsc

(d_ﬂ_) -
dt des

At equilibrium, the change in fractional coverage

% — 0= k,PN(1
(kPN + kyN)8 =
kP
T kP F kg
K,

T

where K is the equilibrium constant defined as

fr the T anamnir jenthorrm Ticoes 24 11 A
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FIGURE 36.11
Langmuir isotherms for a range of k,/kq4.

\df/f

Atequilibrium, the change in fractional co

@y
(kyPN + kyN
kP
Tk P+ ky

6=

where K is the equilibrium constant define

for the Langmuir isotherm. Figure 36.1
values of k,/k,. Notice that as the rate ¢
adsorption, higher pressures must be empl
be understood based on the competition b
orption. Correspondingly, if the rate cons
becomes independent of pressure for lower
In many instances adsorption is accom
process that is referred to as chemisorption :

Ry g) + 2M (surface)
Kinetic analysis of this mechanism (see the e
ing expression for 6:
K
§ =—-o
L+ (

Inspection of Equation (36.84) reveals that the
strate weaker pressure dependence compared
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At equilibrium, the change in fractional cove

d6
I =0 = k,Ph
(ke PN + kqN)8
kP
T kP ky

6 = —
K

where K is the equilibrium constant defined
for the Langmuir isotherm. Figure 36.11
values of k,/k,. Notice that as the rate co
adsorption, higher pressures must be emplo:
be understood based on the competition bet
orption. Correspondingly, if the rate consta
becomes independent of pressure for lower vi
In many instances adsorption is accomp:
process that is referred 1o as chemisorption an

Ry(g) + 2M (surface) <

Kinetic analysis of this mechanism (see the en

ing expression for 8
¢~ T T .
a 20 40 g = (
Pfatm I+ (A
FIGURE 36.11

Inspection of Equation (36.84) reveals that the ¢

Langmuir isotherms for a range of ko/kq.  strate weaker pressure dependence compared t
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Inspection of the last two factors in E

relationship:
kpry =
kf + k.

The product of the fluorescence rate const:
the radiative rate constant divided by the st
to the decay of S,. In effect, §, decay can
ratio of rate constants contained in Equati
yield for fluorescence @, similar to tk
Section 35.8. The fluorescence quantum y
emitted as fluorescence divided by the m
this definition to Equation (36.165) demo
will be Jarge for molecules in which & is s
corresponding to S, decay. Inverting Equa
the following expression is obtained:
(14"

I ka[SO]

Slope = Kk

191
—
ha

1 -]
For a fluorophore with a guantum yield ap
rescence quenching experiments, fluoresc
[Q]. Measurements are generally perform
sity observed 1n the absence of quencher /

0
0
[Q]
FIGURE 36.19
A Stern—Volmer plot. Intensity of fiuores-
cence as a function of quencher concentra- 0
tion is plotted relative to the intensity in the -t = i
absence of quencher. The slope of the line Iy
provides a measure of the quenching rate
Equation (36.167) reveals that a plot of th
[Q] will yield a straight line, with slope «
Stern—Volmer plots, an example of whicl

constant relative to the rate constant for
36.9.3 Measurement of 7,
In the development presented in the pre
system of interest was subjected to con
approximation could be applied to [S;]. t
toexcite the system with a temporally sh
temporal duration of the pulse 1s short co
this state can be measured directly by mo
tion of time. Optical pulses as short as 4 f:
excitation on a timescale that is significani

fluorescence,

After excitation by a temporally short
in [S,] will be finite. In addition, the rate ¢




—fo{,yf/u//' f}fa(,?tf (0»'.171%47‘ 7£a/ ?Zéf&?/)?zf‘c.?}? @'—_S‘

s ka& &
ol 5]
~ ALt -7 //‘{, * /C:c,-” z(f( d 1(7[67))[-()3
8]
T,
(%,) 1‘1,&
ALS,) r [s.] =
— = - —) L _ =2
RS Z:fc,‘f&{{ o 0. =
Wy __L_/t;
[s;)= (53, €
I-F ’V[S,j 064(/(:.7/) 6)//)&;44»:4 7““4 5[)’ W/?AA -t,éz‘wt.c e J)Zzzpﬂ?( 2’;[
W_ )(7‘ > }(i( cemcd Z(;')) }(::c’

T
A{_ >7 k:c] kl‘i(
—7 MM/urchq?/ 0/ 7[&(0;*50 fall B /;'74"‘{ erec %74

Known ?ucyz Chey Corn ccrr zérqﬂ(x‘o?? [52) -+ J/QWQ\
o/a Stevm - Vo lner /3/07/

fﬁouzé fo ooty miiuc kf g oA é7

'T@CC%DYQGJ 57/4/(&?,74/:0.&7[
f

"L [52_) - Jf‘rﬂf“;l/ /r'Mc A/ ‘/A J”/&’/D( = é? crn of

7 v

(\m 'FM’CJ-?’?( = k{,




fluarcwamcg @7()3)/)/:,,4: o J ol om (

W,“y‘/, 55 /_:,);g TS  Feels cloer:

[GB5 ] mm) o.c

1o 2.0 3.0 .0
- & PR

Z_; &7‘ 2 bh 10"? 1'-8-?40'? JOAF 0 ? 5. SO0 J. sk e
A5 266 ns t&F 95 +rtF 117 ns S50 n yy!‘rﬂs

k) dey <

R N VA

TYMJPQH’GZMCL /Dlo'fﬁ

Z(rlfidcm/ 7e7r‘c_r_r7'(7m ]C,-t‘( [‘?9‘7. l he wz?’dl Excel /o (c,é)

Z _
— J/O/DC: 2,00, 00 577 = é7 :3.0@»(05’_1_, - -
/0FMJ =300 s

i tercept - ) 98 06° 77 - k = | - -
Cd79 / /;Qf/“'ﬁ - 1175/1_(/




Sy 01 Tenbo st
yorgm ‘8 501 X 86'L Jo dsoraur £ e pue “(TL1'9¢) uonenby £q °y o1 Tenbs st yorym
LS 01 X 00°€¥0 adoys © 01 spuodsal10d auly 1y3texns v Aq vIep 2U1 03 31 I53q AL,

W/(50%g)
$00'0 Z00°0 0
| |

'SMO[[0] SB ST WANSAS s1Y) 10] [(O] snsiaa TTCV 30101 v ‘(1 £1'9¢) uorrenby 3uisp

uoln|os
501 X IS S00°0
inH X 068 €000
hloﬁ X LT'1 2000
;01 X L8 10070

(01 X 99T $LJ0'0




= -/
- ,_f}‘nj& /146’(6(:0_@ /’édorc’:-ac‘caﬁce @

F/&(g?ﬁf{:{)}d(_ﬁ /@d-fl.’il?atﬂé é?)?c:r‘;y ”Z;’a‘&-n_/)éy /F/@E?“)

PO/?u[c:c%f\D?ﬁ' C/Q’fﬂ/ev(_' C’//—_ Z_:;fz; SN ¢
%,'M(_f /\‘rf):/:ﬁ]a&

'f-éf‘_l (e 7477 j\MJ?l / )’7794?4464’/ ém%ﬁy
Collectio n /@n.sc,,,é(,/ o e lecede

Yres J?‘r’?;é?‘ N

(=—X%

é ﬂ/(—fﬂ
P ' Qarmc.e.ﬂcc i i o L
[>zen, p, fu?yﬂ' M0 Lo rue te 75 e L

A Lon A)cﬁf ch,zﬂ/!c?—(’r'nj m/'z,ra.)(c}oc_

gvc-(‘?(Q,TLf IIU)’ fé L e %6/ /‘Wdyd ECEEL e B d—f Zd/-f(

‘160(-&/ &(’/U}a‘o«z Ccf/

S Pty
Grec Which ppe yor Aireet o dde 2y, forcas o
o vejectic! (Caker . 0 A P refaye )

(ocoer csec/toctioy + L A — agm,,,,qﬁ,w?
of PAGL 5l cdf fletores car.,

Possibete

3 {-ezfy-;_w'on 07[ fé’Mm
bt

o £ R S0 ,.,,,,
¢ bey, acrepy
:-Z(ﬂ.cor@if—w(—e e A e 60144242,,7 X o, &

[

. (‘C{,é@ é—cd,,?(
ﬁfcpm ‘)4-(41( [yl o

7;0:4?#_9., _Z; //&(wmf—mzf /'3 ?‘é‘qa.ff't‘y/ v
et e ‘ZZI"’}—z =Py /9/4(’?43'

T/?C 7166(076/) CCrt ¢ v césfyurc/ﬁ/’z“-‘f %A( 4;;47{ v,
‘(\u_:’n(/a/f !

’?’néé’ap%ﬂ ‘g_y(&ﬂ %e./wc'c:,; S’D czm(,/f’/
TLAC e f/‘f(?zck,c_}

4 S e

Z(/'mc /rgm / %ﬂéﬂé_

Raley Zir-g,.?c/‘a”

EXC.(“Z(Q}()‘&W el 7’&41,&/ <z X

L= / /&1’ o g ‘d
TA(I\)' ‘9(‘&4 & et 7‘{// TCA‘( /4(4%'-'-7 ECpt e

Seealoler, & 5 N




988 CHAPTER 36 Complex Reaction Mechanisms

FIGURE 36.20

Microscope i}nage of single Rhodamine B
dye molecules on glass. Image was
obtained using a confocal scanning micro-
scope with the bright spots in the image
corresponding to molecular fluorescence. *
The image dimension is 5 wm by 5 pm.

36.9.4 Single-Molecule Fluoresc

Equation (36.169) describes how the populat
time, and the fluorescence intensity is predicte
predicted behavior is for a collection, or enser
troscopic techniques and advances in light de
fluorescence from a single molecule. Figure
cules obtained using a confocal scanning mi
excitation source and image occur at identic
from sample areas not directly in focus can be
nation with laser excitation and efficient detec
cence from a single molecule. In Figure
fluorescence from single molecules. The spa
mined by the diameter of the light beam at the

What does the fluorescence from a single
Instead of a population of molecules in S; bei
rescence 1s derived from a single molecule. Fi
cence intensity from a single molecule with cc
observed after the light field is turned on, an
due to photoexcitation and subsequent rela:
constant fluorescence intensity continues unti
point, depopulation of the S, state results in tt
the molecule that does not fluoresce. Eventual
times corresponding to the eventual recovery «
with excitation resulting in the repopulation of
continues until a catastrophic event occurs in -
cule is lost. This catastrophic event is referre
irreversible photochemical conversion of the n

Clearly, the fluorescence behavior observ
ent than the behavior predicted for an ensem
field involves the application of single-molect
not reflected by the ensemble. Such studies ar
dynamics from an ensemble of molecules ha
In addition, molecules can be studied in isola
dow into the connection between molecular a)

3%£.9.5 Fluorescence Resonance |

Another fluorescence quenching technique in
chromophore to another thereby reducing the
photoexcited chromophore and correspondi
mophore. This process, known as fluorescen
has been extensively used to measure the str
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990 CHAPTER 36 Complex Reacuon Mechanisms

Donor Acceptor ro (A)
EDANS DABCYL 33
Pytene Coumarin 39
Dansyl Octadecylrhodamine 43
IAEDANS Fluorescein 46
Fluorescein Tetramethylrhodamine 55

TAEDANS = 5-(({2-iodoacetyl)aming)ethyl}amino)naphthalene- 1-sulfonic acid
EDANS = 3-((2-aminoethyl)amino)naphthalene- 1 -sulfonic acid

DABCYL = 4-({(4-(dimethylamino)phenyl)azo)benzoic acid, succinimidyl ester

generally assumed. Also in the expression for ry, @ is the fluorescence quantum yi
the donor, r is the refractive index of the medium in which the transfer occurs, and J
overlap integral between the donor fluorescence and acceptor absorption expressed as

J = [ es(AM)Fp(A)A*dAr (36

In this expression, g4 is the extinction coefficient of the acceptor, Fp is the flu
cence spectrum of the donor, and the integral is performed over all wavelengths
value of this integral, and correspondingly the value for rq, will vary as a functi
donor-acceptor pair. To illustrate the connection between donor emission, acc
absorption, and the overlap integral, Figure 36.22 presents the emisston and absor
for the fluorescein/tetramethylrhodamine (TMR) FRET pair, and provides an ill
tion of J for this FRET pair.

A roblertinn nf FRET dannr—arcantor naire are mracontad in Takla 2417 Whan
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FIGURE 36.22

[Tustration of the overlap integral (J(A))
for the fluorescein/tetramethylrhodamine
(TMR) FRET donor-acceptor pair.

e et

A collection of FRET donor cceptor pairs are presented in Table 36.2. When u
FRET to measure distance, it is critical to choose a donor—acceptor pair whose ry is clo:
the length scale of interest. For distances where r >> ry, the FRET efficiency will be
that the fluorescence quantum yield of the donor will be largely unaffected by the pres
of the acceptor. In the other limit where ry =2> r, the quenching of the donor fluoresce
from energy transfer will be extremely efficient and little emission from the donor wi
observed. The overlap between the fluorescein emission and TMR absorption is shown

EXAMPLE PROBLEM 36.5

You are designing a FRET experiment to determine the magnitude of the structural
change introduced by substrate binding to an enzyme. Using site-specific mutagene
you have constructed a mutant form of the enzyme that possesses a single tyrosine

residue and a single tryptophan residue, and these residues are separated by 11 AN
would like to determine if the distance between these residues changes with substra
binding. The fluorescence of tyrosine overlaps with the tryptophan absorption; ther:
fore, these two amino acids form a FRET pair for which ry = 9 A, determined usir
the absorption and emission spectra in combination with Equation {(36.181). Calcul
the FRET efficiency at 11 A separation and how much this distance must increase i
order for the efficiency to decrease by 20%, the experimental detection limit.

Solution

Using the initial separation distance and ry, the efficiency is determined as follows:
ré B (9 A)®
r§+ % (9A® + (11A)

Eff = - =023

The detection limit corresponds to £ff = 0.18. Solving for r yields:

rg (9 A)S
Eff = 0.18 = — - -
rg + I (9 b&o + r
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