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3% 1. Background & Fundamentals

d Solvation Energies &
Solvatochromism

1 The Dynamic Stokes Shift
J Measurement Techniques
1 Linear Response (Interlude)
J 3PEPS Measurements

d Why Study?
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\-:gg'.:: Intermolecular Interactions
l'\
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= repulsive:
= exchange-repulsion

s attractive:

= 10NIC A

= H-bonding -
- : typica

o dlspersmn. strength

= electrostatic

= Induction

“solvation” describes the sum total of solute + solvent
Interactions -- usually a complicated mix
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.%3%33 Solvation Energies - AG,,,,

500

cn 5 *
The Solvation Process:
gas-phase solvent solvated solute
solute

G . AGo/v) G

|ntel’pretation: = “\: _———— == - -%v ————————————
- - u-v attraction

cavity formation _ _
(repulsion) (dispersion, u-u, etc.)

&
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«Zam Solvatochromism - /1v = AAG,
"l*v
> § %

olv

spectral shifts are differential solvation energies AAG

S, g >

e

phase

strongly
Interacting
solvent

So—— ) |n
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'%%%%q Solvatochromic Polarity Scales

50‘3

72. R
F?elchardt Chem. Rev. 94, 2319 (1994). 4 . Nﬁo
“From the total of 78 solvatochromic and "

solvatofluorchromic compounds in Table 1, which have

been proposed and used as potential empirical solvent E-(30) cets
polarity indicators, up to now only ca. 18 of them have
been really used to establish definite, UV/vis/near-IR HsCs” N ot
spectroscopically derived scales of solvent polarity...” s -
RPM HsClN >0 7 EG@C,DGH; S . O iSle
) o mu-m,
@ I o N Z2e
b LMCT {_‘L}
ne’ by

1
@j no, /1 | 15 18 17 18
GHS Q‘R’ R'| C,Hg OCHz NEt; H
R R?| H H H  NEt
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;’?&%’o%q Solvatochromic Polarity Scales
505

@ 5 ?

Reichardt (cont.) Z vs E;(30) - a favorable case
“...Most of these scales are based on R
the spectral data of a single standard 2 [ 0y 00k, | £

probe (or reporter) molecule. They I Ej i e

are, therefore, of somewhat limited X

value in the correlation analysis of N

other solvent-dependent processes 7

because they respond to a combination : r - :
of nonspecific and specific 3 . E(30)
solute/solvent interactions, which are ™ e e '
typical for the chemical structure of , _F HeCs” S CeHs
the probe molecule, i.e. its ability to i o {-

register dispersion, dipole/dipole, o v o L,
hydrogen-bond, and other possible /‘-'—E.L‘:E,l o o
intermolecular interactions.” O e ofkeamat e
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‘:;é‘g’o:. More Typical: E-(30) & H-Bonding
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-55'.:: A Refinement
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What's wrong with this picture?

S Absorption and Emission
1 ‘ G — A G Shifts are Different
T 26 | L B R B S R E—

strongly
interacting
solvent

S—— L — | Ln

N
N

N
N

Frequency v/ 10° cm™

=
(e

0.0 0.1 0.2 0.3 0.4 0.5

"Polarity" d_(£)-d_(n°)
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3% The Stokes Shift (DCS)
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11/1/2005 Topic | - Fundamentals 11



\I-

«3%n Shift Energetics
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Abs. & Em. Frequencies:

\
hv, =F°“—F%«
abs "1 0 nuclear
FC o
e .
hv,, =F"—F,~ |electronic
7

Stokes Shift:
hAv=hv, —hv,

— (FlFC - Fleq) — (FoFC - Foeq)
=21

“nuclear reorganization energy”

Av Is not sensitive to solvent
electronic polarizability, only its
“nuclear polarizability”
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3% For Example, Dielectric Models

Ego 17

a, L

hVabs = hvgbs T Aabsdc(nz) +Cabs{dc(‘9) o dc(nz)}

hv, =hv) +A _d (n*)+C_{d (¢)-d (n*)}
ggs elec{]ronic numear 24
hAv =hAv® +[2(4 - fi,)*a” l{d. (¢) - d (n*)}

AN T
solute properties solvent nuclear
response

solute factors: c=a/a’
Aus = A = (1t — 15)a"° Cpp =2 (fh — i)™ Cop = =241 - (fh — fi)a™

- . d X .
solvent dl_electrlc d (x) = o (X) d, (x) = X—1
functions: 1—2cd, (X) 2% +1
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e Av(or A) of C153
provides excellent
measure of non-specific
solvent nuclear polarity

e correlation with 7* scale
IS quite poor because the
latter is strongly affected
by electronic polarizability

C153 Avand =*

2.5
=
O 20
‘©
—i
< 15
<
=
= 1.0
%)
&
X 0.5
=
N
0.0

. r°=0.52 °®

- dipolar ®

. multipolar i

" H-bonding N _

®

| pfhx. cs _

_I‘ 1 I‘I , 1 1 1 1 I‘ 1 I2I 1 I 1 ]

-0.5 0.0 0.5 1.0
7T* Polarity

Reynolds, Maroncelli, J. Phys. Chem. 100, 10337 (1996)
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Key Points:

solvation energies reflect a complex mix of
Interactions (attractive & repulsive)

solvatochromism iIs a differential
measurement; what 1s measured are those
Interactions that change between S, and S,

many scales of solvatochromic polarity exist
each emphasizing a certain mix

Ve & v, depend on both the electronic and
nuclear solvent polarizabilities; Av depends
only on the nuclear part (i.e. the polarization
requiring nuclear solvent motions)

Topic | - Fundamentals

15



Solvation Coordinate —»
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- hexane

S - -
e The Dynamic Stokes Shift
R Y
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'%3%% First Observations: T-dep.

50‘3
SN hh

before time-resolved spectra, solvation dynamics detected via
time-temperature connection first expressed by Bakhshiev ~1961

I ' I ' I ' I ' I
T8/é< C102 / n-Propanol 24 5
120 £
s 24.0
—
175 —
190 ° 235
>
O
c
D 23.0
o
o
© 25
| . | 1 | 1 | 1 | 1
18 20 22 24 3 26 1 28 100 150 200 250 300
Frequency v/ 10° cm Temperature / K

11/1/2005 Topic | - Fundamentals 17



R, >

:5‘&5’;:3 Time-Resolved Experiments
259 %%
-"“‘ 1-Propanol 298 K
HY. 4-AP probe | —
SUPPLY CTeR CELL \ 0

NANOSCEOND N
wEe g MO
GATE
MONC-
CHROMATOR WAVELENGTH O
VAR, 4 Meler SCAN {

FLUORESCENCE INTENSITY

- e o
GENERATOR oM 1-Propanol 203 K
5 KC
t/ns
MOTOR 4
DRIVEN >
VAR, DELAY s '62_5 8
————shapen £l 15
stroboscopic fluorimeter g 23
& Al 8/ c [
%
2
z
400 756 560 550 600

WAVELENGTH (nm)

Ware & Co: Chem. Phys. Lett. 2, 356 (1968); J. Chem. Phys. 54, 4729 (1971).
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Jam Early Protein Dynamics
l
'\ )
et \ h TNS probe adsorbed to bovine serum albumin
TNSH protein @ 273 K
N
\©\ time resolved spectra A(?) data B
"04S 1000 }+ = vacl |
TCSPC decays , 3 :
0% | )9( 242 |
(:%:) or % 238 4
é% 0} g H— -..- = 5
> 234 r
g 107 1 ?2’6"20 hs ‘ 0.42 ns/ch
é WAVELENGTH (NM) 230 80 36 100 o)
é P CHANNEL NUMBER
2 Y . 1 —EtOH 273K
A5 , o 2 - protein 273 K
oo 3 - protein 323 K
4 - glycerol 273 K
Brand & Gohlke, J. Biol. Chem. 246, 2317 (1971). 5 - glycerol 323 K
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;:55’.:2 Modern Measurement Techniques
l'\
SN ‘\

Spontaneous Emission Methods:
e phase fluorimetry

e time-correlated single-photon counting ¢/~ IRF>20 ps
e streak-camera _
e fluorescence upconversion )
e Kerr-gating

-~

Stimulated Emission:
e transient absorption /stimulated emission >_<1 pS
or hole burning

Other:
e photon echo (3PEPS) measurements
e THz & RAPTORS (solvent’s perspective)
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343 TCSPC

40!3 9

A o)

-
Lens \

Mornochiomator

MCPFMT Detector

|:|_ Constant
Frachon

Amplifier Dis crmuinator

e timing is
electronic
e ot >20 ps

e inherently
single A

A nalvser

Beam sphitter
3 yachmononsly
/ runmped /
dve laser
FD
II @
Data Storaze
Time-to- on Personal
A nplitnde Compater.
i onve re ¥
Sia.t‘t 31::1:-
| Delay Analogne to
Dizital
Convererl
Biased Analogie to
Zharay . Dizatal
Swritch 4 rplifiey Conmexer
Sirgle | | Mult-Channel
hannel 2 aley
Analyser

http://www.chem.rochester.e

du/~stc/tcspce.htm
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S » Fluorescence Upconversion
5035 ¢
(Y
ijf])
pll[Seg ‘ P
2 —_ .‘\
A p
Nonlinear /] upconverted
, (A crystal emission
QYQ.XSSXOQ 0 1 + 6()2

e petter than 100 fs IRF possible (but hard)
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\&%%%q A. Single Wavelength Version

40!3 9 _
ILANTS unamplified Ti:saph
Elliptical Fused
Reflector s‘ij;:a g 390 nm pump
Sample Prism 440-700 em.
Flow Cell
e 0.4 o IRF 120 fs fwhm
Auto- d BBO
correlator Y 7/ Mono-
c? chromator
Fused Silica
Prisms Phet
on
1\ Counter
2 PMT
Variable
Optical Delay
= m) -

Computer

Titanium sapphire Laser
Argon lon Laser

Horng et al., J. Phys. Chem. 99, 17311 (1995); after Fleming & co.
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Slngle /1 Decay & Flt
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Horng et al.,, J. Phys. Chem. 99, 17311 (1995)
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«Sei ~Spectral Reconstruction” & Fitting
R
> § *
Normalization E (1) Log-Normal Fits
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e thin, low dispersion cryste{l

(1004 KDP)

egate at long 4 = 1300 nm (Cr:

Broadband Upconversion

a1 s
—

x
T

signal (100 counts / 5 =)

Forsterite laser) [
e amplified pulses required £
W - ! ¥ - T T 1 T T
of o/l NP %
w 8T %2
é ;: E ! ,".-"i.'
5 1 21r Pt g H
S 3 e {'_'.:"__J.-"'i
=3 o
g 2f
§of
l:"I.I

wavelength (nm)
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330 340 350 360 370 380 390 400 410

330 340 380 360 370 380 3890 400 410
wavelength (nm)

Schanz,... Ernsting, Appl. Phys.

Lett. 79, 566 (2001).
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:To‘g)lﬁs “FLU PS” (FLuorescence UPconversion Spectroscopy)
SR

@ “'

A o)

1 i

Schwarzschibd irpLt
objective optics
maleh filher,
SaMpS

LT

sum frequency
pulse front tting genaration

L waiacie seoy @ PUISE tilting

e nearly dispersion-free collection

e prism based spectrograph

e 80 fs IRF, 10,000 cm range
Zhao, ...Ernsting, Phys. Chem. Chem. Phys. 7, 1716 (2005)
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;;5‘2'.:2 Kerr-Gated Emission Spectroscopy

o gate
- ‘ A 45 Pu Ise

>

Kerr
medium

e 1969 Duguay & Hansen o
1970 Rentzepis & Co. 1* reports

* 1987 Rulliere & Co.  “ps fluorimeter” (ot ~ 25 ps)

recent versions using optical

glasses & crystals; ot < 200 fs

e 2000 Kanematsu & Co.
e 2000 Takeda et al.
e 2003 Schmidt et al.

« 2002 Matousek et al. Raman spectroscopy
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DY
-g;.:, KGE Spectrometer
’ v
S " *
delay 770-850 nm Coherent
— 250 kHz RegA
160 fs, 3-4u]
4 - I

/ Kerlc Al

— el chromator
i i . |j PMT ‘\
. : 07 \\\
h II/‘ Reference Amplifier \‘ ‘
m ‘\
el - ' Channel " °¢ isngnau
cell to ADC \\

e tuned for ns lifetime solutes

e 1 mm benzene Kerr medium Arzhantsev & Maroncelli, Appl.
Spectroscop. 59, 206 (2005).
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Vl
~@.:~ Limitations of KGE
l
'\
"% |RF limited ~200 fs Long 7, Challenging
B ) l ) l ) l I l I 20 | ! | ! | ] l ] l I l
fused 5 | C153
- silica =
- <300 fs—> 10
2 ] 2
2r " 2 s
3 |/ ' g
= AR S 0
@ U L D L @
= =
© & 3
<) <5}
e nd
2
1
1 | 1 | 1 | 1 | 1 | O 1
-15 -1.0 -05 00 05 1.0 400 450 500 550 600 650
Time / ps | Wavelength / nm
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e Performance Comparisons

ot
<® 9
C153/acetone ¢/ ps 21 KGE vs Upcv
_l'l'l'l"l'l'_ L

725\ _ f=
0 (@)
1 1 ¥
2 r

> | 2 = 20
[z K 1 e
SRR <. 1 2 2
E,_i';i.i.l.lll.&;o -
(ab) rFrrrrrrvrprrprrgt %

2 | After 1 05 S 19
= Fitting 1 e
a4 2 R
5 S
(«b)
1 ol

é 18

s ~ DMSO
16 17 18 19 20 21 22 23 0.0 0.5 1.0 1.5 2.0
Frequency / 10° cm™ Time / ps
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-g;.:. KGE current status

l'\
S ‘ *
DCS in SC CHF; 1.6p.,
1500 Current Performance:
+ 400-675 nm range
+sample OD << 1
1000 .
1% - IRF limited (450 fs)
5 - spectral correction
O
O large (6-fold)
>00 - hard for >2 ns
O I“ | it /
400 450 500 550 600

Time / ps
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~g>'m Stimulated Emission (TA)

- ‘ \
Delay
=
O
= Chopper & ﬁf 2 F'Ll"]* F‘
3 &
(4)] E . Lens
E % f L?rlns EEF Filter BS mﬁ:ﬁﬁzm
-
= . | 400 nm v _I‘_I__ __ Probe
O requency TP -i
wh .
O i

Doubling 10 pd g
i \i Sample Cell ==
Reference I -
800 nm, 35 fs Specirograph =i| > |
180 Hz, .6mJ Sional |
dual spectrographs ; Spectrograph i

512 diode arrays

e 20 fs effective resolution

Lustres, Ernsting, Angew. Chem. 44, 5635 (2005)
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‘%5'.:2 Sample data: MQ/MeOH

R F
'\ v
=" %" « easier than upconversion but signal is GSB+ESA+SE

MQin CHOH  _k Sn

S
1 \AESA

methanol, 298 K|

20 01. 14ps ] GSB
T ot | So SE

10 J
AOD

_ 0

/10

000 500 600 700 800 Lustres, Ernsting, Angew. Chem.

/M ——— 44, 5635 (2005)
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-g;.:: Sample data: MQ/MeOH V(l)

"\'0
S ‘\

a)

e with care SE component can be
extracted

19

ik
=]
T

=k
=]
L

L=

18F

AOD 5
/10°

LEl

‘ \
5 weaoh\—f S ] ol

peak frequency of SE / 103 cm-?

400 200 600 700 800 0

s w0 15 20
2/ nm - time /ps
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«5#n Response and Fluctuations
l'\
N ‘-‘ t) measures the non-equilibrium response of the solute +

solvent system to perturbation caused by solute excitation

e linear response theory relates this non-equilibrium response
to time-dependent fluctuations in the unperturbed system

HA (t) — HAO +V (t) V (t) _n If . Aﬁ(t)n linear solutg—

solvent coupling

pert. due to solvent solute
S,—$S; change “field” change
A A
Hi 1)
£(t) _\ t)
Ho Vo I
> 1 * > 1

e use time-dependent perturbation theory to expand response
(1)) to first order in V(t)
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v;:gg.., Linear Response Predictions
l'\ S
= ‘Non-EquiIibrium Response Equilibrium Fluctuations

hv(t) = (AE(t)) hév(t) = AE(t) - (AE),,
”,‘[ﬁ%gi' Av =v(0)—v() — <5v> [k, T

fme s, (1) =) -v()Y/Av —— C,0)=(6v(0)5v(D), /(ov),
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;:55’.:. A Simulation Example

l'\
S ‘ *
1,0 T T T T [ T T T T [ T [ T T
] CH,CN
0.8 -
i Agle |
0.6 - -
s | 0
@ 04t -
i 1 i
0.2 - ] _AC]‘ZO
- 1 [iseq tcf
OO ] ] ] ] | ] ] ] ] ] ] | ] | ] | ]
0 1 2 0 1 2 3 4
Time / ps Time / ps
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%3%3‘: 3PEPS: The Echo Idea

50!30
th

k, k, K, k. +k.k,
Fig. 1. Ray optics analogy for the three-pulse -

stimulated photon echo experiment. The rays represen
the phase evolution of the quantum system. (&) After
the initial pulse (= 0), the rays fan out with slopes
determined by the value of the offset from the mean . . )
frequency of individual members of the inhomogeneou —-T -T 0 > 1
distribution. The second pulse (first lens) collimates the

rays by converting the superposition into a population a)
state. The third pulse (second lens) refocuses the rays

by converting the population state to the Hermitian
conjugate of the first superposition state. The echo

intensity is proportional to the square of the field

amplitude and thus depends on the amount of

constructive interference generated by the third

(rephasing) pulse. For a wide inhomogeneous

distribution, the constructive interference is restricted to

a very short time interval at around ¢ = ¢ depicted by b)
the sharpness of focus produced by the second lens. ()
The disruption of the smooth phase evolution during the
population period, 7, and during the two coherence

periods (z and ?) leads to a loss of refocusing ability.

Thus, by recording the photon echo as a function of the
population period, the fluctuations in the

inhomogeneous distribution (“spectral diffusion™) can be

followed.  Flaming, Proc. Natl. Acad. Sci. USA 95, 15161 (1998).
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.%%3: 3PEPS - The Experiment

dbb 0 peak shift
S 5 A . \\__ 10 1 |
cavity dumped T—==" 1 2 a) Y 7=0
Ti:Sa250 kHz, | 4 0o | \ |
<in)20fs J_ __MN—1"*" —Be—g}g B s | . . B
T 0.0 W %“*%

Lens

15 FACN

[a—
=

Peak Shift (fs)

th

0 500 1000 1500 2000 2500  300( tb/

Population Time, T (fs)
Passino,... Fleming, J. Phys. Chem. A 101, 725 (1997);

Larsen,...Fleming, J. Chem. Phys. 111, 8970 (1999).
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:5‘2'.:2 3PEPS - Interpretation

» peak shift 7*(7) qualitatively like frequency tcf M9, but
complex analysis required for quantitative results

(Aw(0)Aw(1))
3 Input model M(t)

] solvent + intra vib
*M(. 't) - )\g exp[— (_H Tg)_J+ E }\sc}l.z' exp[ —(t/ Tsc}l.i)] /

+ 21 N viv.; eXpl — (#/ Ty 1) Jcos| wyip i+ Dyip 7]
I=

M(t)=

Fit to:
JA(cu)J_ dt exp| —i(w—w,g)t]exp[ —g(7)] absorption spectrum
oo oo o 4
BJ(RT-?")’IJ dféf dféf dry >, Ri(t] .ty 15 Ef (Ky.11)Ey(Ky . 1,)Es(Ks.735) 3PEPS
0 0 0 i=1

with Ri(=Ry)=exp{—g* (1)) +g(13) —g*(t3) —g*(t1+13)—g(t,+ 1) +g* (1] +15+1))]
t t t
g;(f)—?)\ij d?‘l ¢M£(f1)+<,l(ﬂf>J‘ d:“lj ldfz Mz(fz)
0 0 0

Joo,...Fleming, J. Chem. Phys. 104, 6089 (1996).
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s Summary

many measurement options available for both
single channel and complete spectral
coverage

measuring spontaneous emission gets more
difficult as IRF gets shorter

transient absorption and 3PEPS
measurements offer alternatives with very
high time resolution but at the cost of added
complexity of interpretation
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'\-:5'5'.:. Why Solvation Dynamics?

l'\
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— —)5- 5-—) —

o
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©
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N/

©
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TN Z

“Chemical Coordinate”

Like it or not, solvent is part of the reaction coordinate!
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