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Neutrons and PolymersNeutrons and Polymers



Neutrons see the NucleiNeutrons see the Nuclei

OnlyOnly neutronsneutrons enableenable isotropicisotropic contrastingcontrasting
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Polymer Chain ConformationPolymer Chain Conformation

EarlyEarly triumphtriumph of of neutronneutron scatteringscattering



Polymer Polymer 

DynamicsDynamics



Pair Pair CorrelationsCorrelations

t = 0

t = t‘

Self Correlation

Collective Dynamics Self motion

Dynamic Structure FactorDynamic Structure Factor

Observation of polymer Observation of polymer motionmotion

〈r2(t)〉



Standard ModelStandard Model

RouseRouse DynamicsDynamics



Monomeric friction
entropic spring

Gaussian chain
entropic force

Rouse ModelRouse Model

Chain in a heat bathChain in a heat bath
Thermally activated fluctuationsThermally activated fluctuations
Relaxation by viscous and entropic forcesRelaxation by viscous and entropic forces
No explicit chainNo explicit chain--chain interactionschain interactions
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Neutron Spin EchoNeutron Spin Echo

Sublinear Sublinear diffusiondiffusion of of chainchain segmentssegments

Entropy Driven Dynamics:Entropy Driven Dynamics:
RouseRouse

Gaussian Gaussian chainchain
entropicentropic forceforce



Wischnewski et al., PRL 2003Wischnewski et al., PRL 2003

Segment DynamicsSegment Dynamics
in the Meltin the Melt

2620 25Α → Α

Rouse prediction verifiedRouse prediction verified
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Topological ConfinementTopological Confinement
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Topological ConfinementTopological Confinement
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Topological Constraint MotionTopological Constraint Motion
-- SelfSelf--MotionMotion



ConsistentConsistent quantitative quantitative 
descriptiondescription of of selfself and and 

pair pair correlationcorrelation
functionsfunctions in in termsterms of of 

reptation reptation 

Wischnewski et al., PRL 2003Wischnewski et al., PRL 2003

All All parametersparameters fromfrom singlesingle chainchain structurestructure factorfactor

ReptationReptation
-- Mean Squared DisplacementMean Squared Displacement



Reptation Reptation 

LimitingLimiting

ProcessesProcesses



Reptation Reptation inherentinherent mechanismsmechanisms

Limiting ProcessesLimiting Processes

ContourContour lengthlength
fluctuationfluctuation

ConstraintConstraint releaserelease
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Separation of Contour Separation of Contour 
Length Fluctuations (CLF)Length Fluctuations (CLF)

A.E. A.E. LikhtmanLikhtman et al., et al., MacromoleculesMacromolecules (2002)(2002)
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190 kg/mol
very long chain

4-17-4 kg/mol
center part visible

Inner part moves as infinite chain
M. Zamponi et al., EPL 2005

Separation of Contour 
Length Fluctuations (CLF)



Common approachCommon approach
CR relates to chainCR relates to chain
diffusion onlydiffusion only

Here:Here:
CLF may playCLF may play
important roleimportant role

ZamponiZamponi et al. PRL 2006et al. PRL 2006

Chains Chains movemove awayaway and and openopen tubetube laterallylaterally

Constraint ReleaseConstraint Release



fits with 
reptation

model:
d=47Å
d=56Å
d=65Å

h-36kg/mol
in

d-36kg/mol
d-12kg/mol
d-6kg/mol

Loss of confinement with decreasing matrix length

Constraint Release



CR CR needsneeds a a confiningconfining
chainchain to diffuse to diffuse awayaway; ; 
time time scalescale: : 

reptation time of reptation time of matrixmatrix
chainchain

e.ge.g..

12K12K ττdd = 5000 ns= 5000 ns

WeWe observeobserve strongstrong effectseffects on a on a scalescale of 200ns!of 200ns!

What are the Processes What are the Processes 
behind CR?behind CR?



a)a) Long chain in short matrix Long chain in short matrix 
no CLF of long chains no CLF of long chains 

Constraint release onlyConstraint release only

(end part is small)(end part is small)

b)b) Short chain in long matrixShort chain in long matrix
no CR by long chains no CR by long chains 

Contour length Contour length fluctationfluctation onlyonly

(long chains do not diffuse on (long chains do not diffuse on 
our time scale)our time scale)

36/12

12/36

Experiment to Experiment to 
Separate ProcessesSeparate Processes



longlong in in shortshort

CR CR throughthrough
notnot byby diffusiondiffusion (5000ns) (5000ns) 
butbut byby CLF of CLF of shortshort chainschains

shortshort in in longlong

CLF of CLF of shortshort chainschains
no no constraintconstraint releaserelease ––

therethere areare notnot manymany endsends

CR CR maymay bebe causedcaused solelysolely byby CLFCLF
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Topological Constraints:Topological Constraints:
SummarySummary

NSE and synthetic chemistryNSE and synthetic chemistry

Direct visualization ofDirect visualization of
Regime of local reptationRegime of local reptation
Limiting mechanismsLimiting mechanisms
-- contour length fluctuationscontour length fluctuations
-- constraint releaseconstraint release

Basic processes for the hierarchicalBasic processes for the hierarchical
relaxation of branched polymersrelaxation of branched polymers



Dynamics of Dynamics of 

Biopolymers: Biopolymers: 

Large Large ScaleScale MotionMotion



Protein motion and theProtein motion and the
coordination of coordination of biofunctionbiofunction

Genome regulatory proteinsGenome regulatory proteins

Motor proteinsMotor proteins

Signaling proteinsSignaling proteins

Structural proteinsStructural proteins

Biopolymers: Biopolymers: 
Large Scale MotionLarge Scale Motion

Are large scale thermal fluctuations related to functional dynamAre large scale thermal fluctuations related to functional dynamics?ics?



Alcohol DehydrogenaseAlcohol Dehydrogenase

Important enzymeImportant enzyme
e.g. prohibits poisoning by e.g. prohibits poisoning by 
Italian red wineItalian red wine

In humans (Dimers)In humans (Dimers)
Catalysis oxidation of Catalysis oxidation of 
ethanolethanol

CHCH33 CHCH22 OH + NADOH + NAD++ →→ CHCH33 CHO + CHO + 
NADH + HNADH + H++



Alcohol DehydrogenaseAlcohol Dehydrogenase

In yeast (Tetramer)In yeast (Tetramer)
Fermentation processFermentation process

CHCH33 CHO + NADH + HCHO + NADH + H++ →→ CHCH33 CHCH22
OH + NADOH + NAD++

Reverse Reverse actionaction



Alcohol DehydrogenaseAlcohol Dehydrogenase

DynamicsDynamics
Internal aggregate motionInternal aggregate motion

Rotational dynamics Rotational dynamics 
Influence of cofactor Influence of cofactor 
NADHNADH



Solution StructureSolution Structure

concentrationconcentration scaledscaled

structurestructure factorfactor
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Solution Solution structurestructure differsdiffers fromfrom crystalcrystal: : crossedcrossed dimersdimers

Solution StructureSolution Structure

crystalcrystal

parallel on parallel on contactcontact

DAMMIN DAMMIN programprogram

CrossedCrossed dimersdimers



DynamicsDynamics



DynamicDynamic light light scatteringscattering: : photonphoton correlationcorrelation

Translational DiffusionTranslational Diffusion

Diffusion independentDiffusion independent
of concentrationof concentration
DDDLSDLS = 2.35 = 2.35 ±± 0.20.2ÅÅ22/ns /ns 
at 5at 5°°CC

RRHH = 45= 45ÅÅ
T=10°C

Q2/μm-2



ADH + NAD at 5% ADH + NAD at 5% concentrationconcentration

Neutron Spin Echo ResultsNeutron Spin Echo Results

NSE
closeclose to to singlesingle expexp. . lineshapeslineshapes

→→ effectiveeffective diffusiondiffusion



Effective Diffusion Effective Diffusion 
CoefficientCoefficient

Strong Q modulationStrong Q modulation
Significant conc. Significant conc. 
dependencedependence
At low Q agreement At low Q agreement 
with light scatteringwith light scattering

Important contributions Important contributions 
beyond trans. diffusionbeyond trans. diffusionQ/nm-1



Low Q Data: InteractionLow Q Data: Interaction
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Low Q Data: InteractionLow Q Data: Interaction
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Low Q Data: InteractionLow Q Data: Interaction
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CorrectedCorrected DDeffeff(Q(Q) ) byby S(Q)S(Q)

S(Q) S(Q) correctioncorrection removesremoves lowlow Q Q structurestructure

S(Q)S(Q)



Low Q Data: InteractionLow Q Data: Interaction

H(Q)  H(Q)  notnot knownknown

First First approximationapproximation
BothBoth H(Q) and S(Q) H(Q) and S(Q) byby
PercusPercus YevicYevic apprappr. of . of 
hardhard spheresspheres
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Low Q Data: InteractionLow Q Data: Interaction
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QualitativelyQualitatively correctcorrect

Low Q: Low Q: veryvery littlelittle concconc. . 
dependencedependence

IntermediateIntermediate Q:Q: reductionreduction
slightlyslightly weakerweaker thanthan expexp..

HigherHigher Q:Q:
no no concconc. . dependencedependence

Q/Å-1



Higher Q:Higher Q:
Rotational DiffusionRotational Diffusion

First First cumulantcumulant approach:approach:

rrjj, , rrkk atom positions;   atom positions;   bbjj bbkk: scattering length: scattering length

denominator: structure factordenominator: structure factor
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Higher Q:Higher Q:
Rotational DiffusionRotational Diffusion

First First cumulantcumulant approach:approach: ( ) ( )
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ProgrammeProgramme HYDROPRO: HYDROPRO: 
calculates the full mobility matrix Hcalculates the full mobility matrix H

Garcia de la Torre, Garcia de la Torre, BiophysicalBiophysical J. J. 7878, 719 (2000), 719 (2000)

simplifiedsimplified modelmodel
of of spheresspheres



Higher Q:Higher Q:
Rotational DiffusionRotational Diffusion

HYDROPRO HYDROPRO resultresult scaledscaled to to lowlow Q Q transtrans. . diffusiondiffusion

translationaltranslational
diffusiondiffusion

translationaltranslational + + 
rotationalrotational
diffusiondiffusion

Very sensitive to correct solution structure!!Very sensitive to correct solution structure!!



High Q Data: High Q Data: 
Internal MotionsInternal Motions

Coupling termCoupling term
•• elongationalelongational couplingcoupling

•• Rotational couplingRotational coupling
of domain motionof domain motion
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High Q Data: High Q Data: 
Internal MotionsInternal Motions

All All datadata scaledscaled withwith translationaltranslational diffusiondiffusion

Very consistent data Very consistent data 
sets at different sets at different 
concentration and concentration and 
cofactorcofactor
Quantitative description Quantitative description 
by rotational diffusion of by rotational diffusion of 
crossed dimers and crossed dimers and 
rotational couplingrotational coupling
NAD leads to slowing NAD leads to slowing 
down in the low Qdown in the low Q--flankflank
-- significant effectsignificant effect
-- points to collective points to collective 

originorigin

Q/nm-1



Structure in solvent different from Structure in solvent different from 
crystal structurecrystal structure

Rigid body dynamics dominates but Rigid body dynamics dominates but 
clear evidence for internal motionclear evidence for internal motion

Influence of cofactorInfluence of cofactor

AlcoholdehydrogenaseAlcoholdehydrogenase
DynamicsDynamics



Influence of CofactorInfluence of CofactorSolvent StructureSolvent Structure Aggregate MotionAggregate Motion

Constraint ReleaseConstraint ReleaseContour Length FluctuationContour Length FluctuationRouseRouse

SummarySummary

a

b


