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Chem 344--Physical Chemistry for Biochemists Il --F'09
l. Introduction — see syllabus

ll. Chemical kinetics — (Engel, Ch.25 sect 1-3, 5)
How fast is reaction?
Rate of formation of product or loss of reactant
— non-equilibrium
— kinetics is path dependent
--shift from thermodynamics
(equilibrum and path independent)

Experimental characterization — rate laws / reaction order
Simplest example: A—»> B

r = -d[A]/dt = d[B]/dt — rate: concentration vs. time
only need to monitor A or B; coupled by stoichiometry

or more general example:
aA+bB > cC+dD
r = -1/a dA/dt = -1/b dB/dt = 1/c dC/dt = 1/d dD/dt

Methods — start reaction by mixing reagents (t = 0)
1.Aliquot — periodically analyze portion — slow reaction
2.Quench — stop reaction in the aliquot — measure later
3.Dynamically monitor some property

must be proportional to concentration

(e.g. pressure / spectra/ pH /€ (redox) / ...)
4.Change equilibrium (T-jump) / photolysis / other

Monitor properties during response to stimulus
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Rate Equations — experimental observable - not derived
r = k[A]" [BY [C]” [D]"
determine the exponents empirically -- (X,y,z,w)
both sign (+/-) and size (integer or fraction)
order of reaction = x+vy +z+ w, X =order w/r/t A etc.

(Note: rate law does not need to have a simple order,
e.g. r =K I[E][S)/(km + [S]) -2 typical for enzymes,
but usually has limiting behavior - e.g. high or low [S] )

|dea — measure r, the rate (monitor —d[A]/dt for example)

— double [A], re-measure r — behavior gives x
— same for others [B], [C], etc. > v,z eftc.

Example: a) U — **Th + a (*He™)
If you had twice as much #**U, you would get twice
as many o particles--twice as radio active
Thus:
-d[UJ/dt = k[*°U] — 1storder
— independent of anything else, simple

b) Br, —v, 2Bre , -d[Br,]J/dt = k [Br;]
— more Bro, — more Bre in linear relation
or d[Bry]/dt depends on how much Br,
— also simple — unimolecular
(Note: assume hv - light intensity - constant —
alternate view - could treat as reagent, not typical)



//Q-—--H=O\
CH3"C /C_CH3
c) 2CH;COOH — No—rr=f
Ac = acetone
Here if double amount, [Ac] lost 4x faster
-1/2 d[Acl/dt = k [Ac]* - 2nd order

d) CH2=CH2 + H2 —> CH3—CH3
double [e] or [H»], double rate: -d[e]/dt

r = k[e] [H2] — 2nd order overall, [e]=ethene
— but 1st w/r/t [e] or [H]

However
e) H,+Br, > 2HBr not simple—empirical rate
r = -d[Br,]/dt = k [H,][Br;]/(1 + k’ [HBr]/Br,)
Note: at beginning [HBr] = 0 = ri,t = k [H2] [Bro]

overall 2" order initial rate, but later [HBr] build up
at end: 1st [Hy], (-)1st [HBr], 2nd ]Brj]

Molecularity: if reaction one step, order reflect stoichio.
unimolecular: A — P, -d[A}/dt = Kk[A]
bimolecular: 2A > P, -1/2d[A]/dt = K[A)
A+B — P, -d[A]/dt = k[A][B]
termolecular:  A+B+C- P rare since imply 3-body coll.




Behavior [draw graph]
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as time increases the change in product [P] is less
— approach equilibrium, same for reactant

att = 0 the slope is d[P]/dt or d[R]/dt = initial rg
at t = « the slope is zero, r = 0 = -d[R]/dt = d[P]/dt
rates of forward and reverse reactions equal
concentrations cease to change

Initial rates, rp: R = P Initial concentration is R, or Py
so: rp = k[Ro]* = slope = dR/dt (recall, Py = 0)
if vary Ry & measure ry, can determine x, order

same is true for P, etc. (know all initial conc. - fixed)

How to get slope, ry at [Rg] (note any [R] can be [Ry]):
a. approximate dR/dt ~ AR/At finite differences
— crude approx. of derivative / has error
— more/smaller steps can be better
b. fit data to a curve (exponential or other)
— take derivative of fit function
— extrapolate to Ry, etc.




Example:
Consider hypothetical reaction: A+2B — P
assume: -d[A)/dt = -1/2 d[B]dt = k [A]* [B]®

t/sec| [Ag] = 0.5 [Ag] =0.25
0 1.0 1.0 ~ Initial conc. [By] at tg
4 0.75 0.87
8 0.56 0.75 [B] vs t
12 0.42 0.65 |n units of 10° M
16 0.32 056
initial rate:
ry = k[0.5]“[107]
r, = k[0.25]* [107]° use r~A[AJ/At
ri/r, = [0.5/0.25]* =
~-1/2 (0.75-1.0)/(4-0) = 0.25/4¢2 = riro ~1.9
~-1/2 (0.87-1.0)/(4-0) = 0.13/4 » 2 = ~ 2

o =1— use integer or simple fraction closest to
calculated value for exponent
error: always due to use of Aconc./At instead of d[A]/dt

2 unknowns left: B, k = consider 1% run

ro = k [0.5]"' [107]® ~ 1/2(0.25/4)

rs = k [0.5]'[0.75 x 10™]P~ -1/2(0.56-0.75/8-4)=1/2(0.19/4)
ro/rs = [1/0.75]° = 0.25/0.19 = B =1 closest integer

k = ro/[Ao][Bo] = (0.25 x 10°/8)/ 0.5 ® 10 = 0.062 = k
note units: [conc]/sec/[conc]* > sec '[conc]”




Alternate Bio-example:
See Ex 6.1 — Atkins & de Paula — alternate strategy:

= K[A[B] = logr =

so plot Iog r vs log A get slope =x, etc.
ETITTINR N Lsing the method of initial rates
The fuilmlnng chna were obtained on the initial rate of binding of glucose to the

enzyme hexokinase:

312

Tglecosely/{immel L—1) 1.00 1.54 4,02

voftmol L=1571) a) 5.0 7.6 15.5 20,0
th) 7.0 11.0 23.0 310
i) 21.0 34.0 70.0 96,0

The ensyme concentrations are (a) 1.34 mmol L=, (b) 300 mol L=, and
“kinase and the rate constant,

Strategy For constant [hexokinase]p, the inival rate law has the form
vo = k'lghucose]ls®, with k' = k[hexokinase]o?, so

logk + xlogA + ylogB

{€) 10.0 mmol 1™ Find the orders of reacgion with respect to glucose and hexo-

¢ vLC I
=15 ‘bi'
- 4 ';la'i
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log ([glucosely/moi L)

Fig. 6.7 The plots of the data
in Example 6.1 for finding the

order with respect to glucese.

log vo = log k' + a log [glucosel

5.0 gy
We need to make a plat of log 1 apainse log [elucase]y for a piven [hexokinasely :
and find the rate from the slope and the valee of X from the intercepr at - ‘ ; L
log [glucosely = 0. Then, because ! R

log k' = log k + b log [hexokinascly

og (k'/mol L= g=1)

4} //—'

plot log k" against log [hexokinasely to find bog k from the intercept and b from

the slope. |
3133 —Zlﬁ -2
Solution The dara give the following points for the graph: log “mmrini?ﬁh"
-1 " . B N
hgi[glumse]ﬁmgll L= e e 252 240 Fig. 6.8 The plots of the data
bg{WMI L . } (a) 0.659 0.881 1.19 1.30 in Example 6,1 for fading the
(B  0.844 104 136 1A% order with respect to
(cy 1.32 1.53 1.B5 1.98  hexokinase.
The graph of the data i shown in Fig, 6.7. The slopes of the lines are | and the

effective rate constants k' are as follows:

Figue 6.8 is the plot of log L' agamst log [hexoki nwh The alnpr_- is 1,
so b= 1. The intercept at log [hexckinaselp =0 is lop k=656, so k= 3.6 X
1f Lmol ™' s I, The averall {inirial) rate law is

» = klgluocose]pfhexokinasely

Note: Experience of students is that these numbers do not all work
Enzyme concentration (a) should be ~2.0 mM for 1% order



Integrated rate laws — (Engel Ch25.5)
Traditional analysis — use all data - find a linear form

0™ order: -d[A]/dt =k,
integrate: [A] — [Ao] =kt  [Al
rate is constant,
change in concentration is linear >
ex. catalysis reaction rate can be independent of reagent

1% order: -d[A)/dt = k [A]

0 —
J d[AJ/[A] = ™ j kdt
Ao 0 In[A)/[AJ]
integral of 1/[A] is In[A]
en ([A)J[Ao]) = -kt >

time

Slope = -k

Intercept = 0, i.e. [A] = [A¢] at t=0, A
Al/[Aq]) =
so fn ([AJ/[Ag]) =0 - /
Note: if dP/dt slope = +k

t=0 has no meaning, ref: {n[P]/[P.]

time

2" order: -d[A}J/dt = k [A]

A t
kd
- J d[AJ/[AT ! t

1[A]

1/[A] - 1/[A,] = kt

im
slope =k time



general; -d[A)/dt = k [A]" = 1/(n-1) [1/[A]"'=1/[A.]""] = kt

Alternate: -d[A]/dt = k [A] [B] if A+B > P
Second order overall, but 1% order w/r/t A and B

Let A=A0—X, B=BO—X
_dx/dt = k [Ag—x] [Bo — X]

t X

[kdt = [ dx/[Ao - X] [Bo - X]
0 0

kt = 1/([Ao] — [Bo]) €n [A][Bo]/[B][Ao]

* concept focus on one compound by excess in other
compund in excess ~constant, so can determine
order w/r/t the compound of lower concentration

tn [A] = [A;— Bl kt + fn [A] + &n [Bo)/[B]

Graphical Method —
plot: [A], In[A], 1/[A], etc. vs. t
linear one tells order w/r/t [A], etc.
k — slope of plot but may include other values
example: if r=k [A] [B]
then behave like 1% order in [A], if B ~ constant (large)
“excess of one reagent — other is variable”
slope = k [Bg] = k'’




Previous example: A + 2B — Product
In[B] vs t linear —» 1% order in [B] when [A]>>[B]
slope = -2k' (2 from stoichiometry)

1/2 d[B]/dt = K'[B]? K' = k[Ag]* recall [B]is mM
since 1st orderin B—> B =1 and k'~const

Now for 2 values of [Ag] — determine k' for each

use: k'=k [Ag]*: get o =1 from the following=
[0.036/0.018] = [k'1/K’5] = [Ao]4/[Ag]” = [0.5/0.25] = 2* =

then k=Kk'/A,=0.0365"/0.5=0.072 M" s™ (2" order)
Note — use of slope averages data

Half-life if In[A] = tn[Ag = kt (1% order)
at 1, =time to go to [Ay/2]

KT, = In [Ag)/[Ag/2] = In 2 = 0.693
Thus for 1% order: 1, = 0.693/k

* (work out for other rate laws:)

Example again A + 2B — Product

run #1 1, ~ 10s = 2k'; ~ 0.069s”
run #2 T, ~ 18-20s = 2k', ~ 0.035s”

again: Kk = 2k [AJo/2k [Ag, = 2° = 2 = o =1
k = k'/[A)] = 0.069s' M similar to graph slope
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Pharmacokinetics is the study of the rates of absnrptmn and ehmmal ion of dmgs
by organisms. In most cases, elimination is slower than absorption and is a more
important determinant of availability of a drug for binding to its target. A drig
can be eliminated by many mechanisms, such as metabolism in the liver, inges.
tine, or kidney followed by excretion of breakdown products through urine or feces,
. As an example of pharmacokinetic analysis, consider the elimination of beta
adrenergic blocking agents (beta blockers), drugs used in the trearment of hyper-
temioﬁ Af:er intravenous a&fnmmtranon of a beta blocker, the blood plasma of
| a patient was analyzed for remaining drug, and the data are shown below, where
¢ is rhe drug conccntmtmn measured at a time ¢ after the injection. :

tmin 30_ A bf.‘l_ 120" __150_ 240 360 - 480
c/ilng mL™1) 699 622 413 292 152 - 60 24

| To see if the removal is a first-order process, we draw up the following table:

t/min 30 0 120 150 240 360 - 480

The graph of the data is shown in Fig. 6.12. The plot is straight, confirming a

| first-order prcu:'es& Its 1east-squares best-fit slope is' —=7.6 X 1073, 50 k = 76 X

1073 min~ ! and ;2 = 91 min at 310 K, body temperature.

_ Most drugs are eliminated from the body by a first-order process. An essen-
tial aspect of drug development is the optimization of the half-life of elimina-

tion, which needs to be long enough to allow the drug to find and act on its tar-

get organ but not so long thar harmful side effects become important. =

R\

\

: e
\

In{c/(ng mL~1))

Fig. 6.12 The determination of the rate

constant of a first-order reaction. A \
straight line is obtained when In ¢ is plotted 3

against ¢: the slope is —k. The data are 0 100 200 300 400 S00

from Case study 6.1. Time, ¥min

Inle/ilng mL™1)) 655 643 602 568 502 409 - 3.18

1-10



[Tinoco Fig 7.3]—Penicillin after storage

12,000

Timie(weeks)  ~Penicillin uniits*
0 10,100
100 5180
2.00 6900
3.00 5360
400 4320
5.00 3870
7.00 2190

8.0 2000
4.00 1790
1000 1330
11.00 1040
1200 898
13.00 750
1400 572
1500 08
16.00 4603
17.00 il4
1800 279
19.00 181
20,00 187

R~ —nu, HH

TN CH,

0 !
_N_ / CH,

o A\
" Goow

Penicillin anits

10,000

[Flug't -
not errctl

In (penicillin units}

Qa.{?l ve T

| o orelon
fﬁsg ac‘f’v}:-‘a.
- *’S’W

5 fape - mk, E

-}

0,206 w™

iIG 20 30
Time (weeks)

Penicillin Assay— monitor surviving colonies of bacteria
(killing rate ~ activity — express as units
more ability to kill bacteria, more units)

Note: decrease by 72 in 3-4 weeks, = half-life
then to 4 in ~ 8 weeks, i.e. 2" 1., ~ 4weeks

constant half-life = 1% order
consistent with graphical result



Temperature variation of rates — (Engel Ch.25-9)

increase with temperature | ~
rate law: Ink ~ 1/T

empirical relation ﬁ’-nk M —

behave like barrier, enough energy could go over barrier
E. — activation energy T = average K.E.

A — “pre-exponential factor” (T-independent)
Analysis: plot Ink vs 1/T

{ slope = -E,/RT
intercept =fn A

Example: Biological Thermometer

Cricket chirping frequency 23~
(rate of biological process)
changes by >2 over

28510 300 K (54 —» 81° F)

Log of frequency of
chirping of tree erickets
ut
I

Plot In (frequency) vs 1/T

slope = -EJJR = E, =51 kd/mol s},




The rate constant of the acid hydrolysis of sucrose discussed in Section 6.6a varies
with temperature as follows. Find the activation energy and the pre-exponential
factor.

/K 297 - 301 305 309 313
k(103 L mol~1 s-1) 4.8 7.8 13 . 20 32

Strategy We plot In k against 1/T and expect a straight line. The slope is —E4/R
and the intercept of the extrapolation to 1/T = 0 is In A. It is best to do a least-
squares fit of the data to a straight line. Note that A has the same units as k.

Solution The Arrhenius plot is shown in Fig. 6.18. The least-squares best fit of
the line has slope —1.10 X 10* and intercept 31.7 (which is well off the graph).
Therefore,

E,= —R X slope
= —(8.3145 ] K™! mol™!) X (—1.10 % 10 K) = 91.5 k] mol™!

In{k/10-3 L mol-ts~7)

N

2 25 3 3.5
(103 KIT)
Fig. 6.18 The Arrhenius plot

for the acld hydrolysis of
sucrose, and the best (least-

and squares) straight line fitted to
: the data poings. The data are

A= "L mol™!'s™! =58 X 108 L mal™1 s from Example 6.2.

'\ top of curve — high energy point -
e transition state -- can fall to R or P
e getting there like Boltzman ~ e™=@RT

1
[ER M.

1 Structure — activated complex can be
N ..m_,__T_.:;h.}.._ﬁ.ﬁ_.. "
4 close to reactant or to product

-; P Partially stable at top— reaction intermediate

To go faster = Catalyst/ Enzyme — lower E,

increase probability to cross barrier
-- also could increase temperature




Alternate approach: re-express: k = Ae™™RT
measure k at 2 temperatures
kK'1'/k';, = exp [-E4a/R (1/T1 = 1/T5)]

take In: én k; -€n k, =-E./R (1/T1 —1/T,)

Example: Urea decomposition in 0.1 M HCI

NH,CONH, + 2H,0 @@ , 2NH,* + CO5*

(OTC) K(min)  Ink 1T (K"

61 .713x10° -11.85 2.922x10°
712 277x10° -1049 2904 x 107

E, = 8.314 JK-Tmol-1(-11.85+10.49) — 1.28 x 105 J mo|-1

(2.922-2.904)x10-3 K-
(128 kJ mol™)

InA = Ink ~ EJ/RT = -10.49 + 1.28 x 105 Jmol-1
(8.314 Jk-1mol-1) (344.4 K)

A =828x10"min" = 1.38x10" s™

Note: -- A reflects max rate, i.e. T o, el 51

this A is order vibrational motion — fast as atoms move

-- Precision in Temperature affects answer
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