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Abstract.‌ ‌A‌ ‌methodology‌ ‌for‌ ‌imaging‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌individual‌ ‌microgel‌ ‌particles‌ ‌using‌ ‌high‌ ‌resolution‌ ‌scanning‌‌                             
electron‌‌microscopy‌‌(SEM)‌‌is‌ ‌presented.‌‌To‌‌enable‌‌this,‌ ‌the‌‌microgels‌‌are‌‌dispersed‌‌in‌‌an‌‌ionic‌‌liquid,‌‌which‌‌due‌‌to‌‌its‌‌                                       
low‌ ‌vapor‌ ‌pressure‌ ‌allows‌ ‌them‌ ‌to‌ ‌remain‌ ‌in‌ ‌suspension‌ ‌even‌ ‌under‌ ‌the‌ ‌high‌‌vacuum‌‌conditions‌‌present‌‌in‌‌a‌‌typical‌‌                                     
electron‌‌gun.‌‌Thus,‌ ‌compared‌‌with‌‌conventional‌‌electron‌‌microscopy‌‌studies‌‌of‌‌microgels,‌‌no‌‌sample‌‌drying‌‌or‌‌freezing‌‌                               
is‌ ‌necessary‌‌which‌‌preserves‌‌their‌ ‌morphology‌‌while‌‌also‌‌allowing‌‌to‌‌probe‌‌microgel‌‌dynamics‌‌in‌‌solution.‌‌The‌‌results‌‌                                 
based‌ ‌on‌ ‌the‌ ‌individually‌ ‌tracked‌ ‌particles‌ ‌are‌ ‌compared‌ ‌with‌ ‌results‌ ‌from‌ ‌dynamic‌ ‌light‌ ‌scattering‌ ‌(DLS)‌ ‌which‌‌                               
measures‌‌the‌‌mean‌‌size‌‌and‌‌diffusion‌‌properties‌‌of‌‌large‌‌collectives‌‌of‌‌particles.‌‌For‌‌the‌‌size‌‌measurements,‌‌the‌‌SEM‌‌and‌‌                                     
DLS‌‌data‌‌are‌‌in‌‌general‌ ‌agreement.‌ ‌For‌‌the‌‌particle‌‌dynamics,‌ ‌monitoring‌‌individual‌‌microgel‌‌motion‌‌reveals‌‌complex‌‌                               
dynamics‌‌in‌‌which,‌‌aside‌‌from‌‌the‌‌expected‌‌thermal‌‌motion,‌ ‌one‌‌observes‌‌effects‌‌such‌‌as‌‌clustering,‌‌rotation‌‌and‌‌drift.‌‌                                   
This‌‌is‌ ‌in‌‌contrast‌ ‌with‌‌a‌‌control‌ ‌sample‌‌of‌‌hard‌‌sphere-like‌‌silica‌‌particles‌‌where‌‌the‌‌motion‌‌is‌‌primarily‌‌diffusional‌‌in‌‌                                       
good‌ ‌agreement‌ ‌with‌ ‌DLS‌ ‌studies.‌ ‌ 

I‌NTRODUCTION‌ ‌ 

Microgels‌ ‌are‌ ‌polymer-based‌ ‌particles‌ ‌that‌ ‌exhibit‌ ‌a‌ ‌reversible‌ ‌swelling‌ ‌in‌ ‌water,‌ ‌making‌ ‌them‌ ‌a‌ ‌system‌ ‌of‌‌                               
interest‌‌for‌‌bio-sensing‌‌and‌‌drug‌‌delivery‌‌applications‌‌[1].‌‌The‌‌experimental‌‌data‌‌on‌‌the‌‌size‌‌and‌‌dynamics‌‌of‌‌these‌‌                                   
systems‌ ‌is‌ ‌typically‌ ‌collected‌ ‌using‌ ‌optical‌ ‌techniques,‌ ‌such‌ ‌as‌ ‌dynamic‌ ‌light‌ ‌scattering‌ ‌(DLS).‌ ‌DLS‌ ‌relies‌ ‌on‌‌                               
averaging‌ ‌data‌ ‌collected‌ ‌from‌ ‌sample‌ ‌volumes‌ ‌containing‌ ‌large‌ ‌numbers‌ ‌of‌ ‌particles.‌ ‌Thus,‌ ‌these‌ ‌methods‌‌often‌‌                             
have‌ ‌to‌ ‌rely‌ ‌on‌ ‌the‌ ‌approximation‌ ‌of‌ ‌dilute,‌ ‌monodisperse‌ ‌particles‌ ‌of‌ ‌a‌ ‌certain‌ ‌shape‌ ‌(e.g.‌ ‌spheres)‌ ‌[2].‌ ‌In‌‌this‌‌                                     
context‌ ‌having‌ ‌the‌ ‌ability‌ ‌to‌ ‌observe‌ ‌the‌ ‌dynamics‌ ‌of‌ ‌individual‌ ‌particles‌ ‌is‌ ‌particularly‌ ‌important‌ ‌for‌‌                             
multicomponent‌ ‌systems,‌ ‌assemblies‌ ‌for‌ ‌non-spherical‌ ‌particles,‌ ‌or‌ ‌particles‌ ‌that‌ ‌have‌ ‌complex‌ ‌interactions‌‌with‌‌                         
their‌ ‌environment.‌ ‌ 

Electron‌‌microscopy‌‌methods‌‌are‌‌an‌‌important‌‌set‌‌of‌‌tools‌‌used‌‌for‌‌the‌‌characterization‌‌of‌‌micro-‌‌and‌‌nano-scale‌‌                                 
systems,‌ ‌owing‌ ‌to‌ ‌their‌ ‌very‌ ‌high‌ ‌spatial‌ ‌resolution.‌ ‌They‌ ‌have‌ ‌been‌ ‌used‌‌in‌‌previous‌‌studies‌‌to‌‌characterize‌‌the‌‌                                   
morphology‌ ‌and‌ ‌size‌ ‌of‌ ‌microgel‌ ‌particle‌ ‌systems‌ ‌[3].‌ ‌One‌ ‌has‌ ‌to‌ ‌note‌ ‌though,‌ ‌that‌ ‌the‌ ‌imaging‌ ‌in‌ ‌an‌ ‌electron‌‌                                     
microscope‌‌requires‌‌samples‌‌that:‌‌(i)‌‌are‌‌compatible‌‌with‌‌the‌‌high‌‌vacuum‌‌conditions‌‌in‌‌an‌‌electron‌‌gun‌‌required‌‌to‌‌                                   
prevent‌ ‌the‌ ‌scattering‌ ‌of‌ ‌the‌ ‌electron‌ ‌signal‌ ‌and‌ ‌electric‌ ‌discharges;‌ ‌(ii)‌‌are‌‌conductive‌‌so‌‌that‌‌they‌‌can‌‌dissipate‌‌                                   
charge‌ ‌accumulation‌ ‌due‌ ‌to‌ ‌beam‌ ‌exposure;‌ ‌and‌ ‌(iii)‌ ‌can‌‌withstand‌‌the‌‌potential‌‌thermal‌‌damage‌‌associated‌‌with‌‌                               
exposure‌‌to‌‌the‌‌high‌‌energy‌‌electron‌‌beam.‌‌For‌‌the‌‌microgel‌‌example,‌‌meeting‌‌these‌‌stringent‌‌requirements‌‌involves‌‌                               
drying‌ ‌or‌ ‌cryofreezing‌ ‌the‌ ‌samples.‌ ‌This‌ ‌might‌ ‌change‌ ‌microgel‌ ‌morphology‌‌[4],‌‌and‌‌more‌‌importantly‌‌prevents‌‌                             
studies‌ ‌of‌ ‌dynamics‌ ‌of‌ ‌their‌ ‌motion‌ ‌or‌ ‌response‌ ‌to‌ ‌environmental‌ ‌conditions.‌‌ ‌  

In‌ ‌this‌‌work,‌‌an‌‌alternative‌‌sample‌‌preparation‌‌methodology‌‌for‌‌microgel‌‌systems‌‌has‌‌been‌‌explored,‌‌enabling‌‌                             
their‌‌high-resolution‌‌imaging‌‌in‌‌a‌‌scanning‌‌electron‌‌microscope‌‌(SEM).‌‌The‌‌method‌‌relies‌‌on‌‌dispersing‌‌the‌‌system‌‌                               
of‌ ‌interest‌ ‌(microgels)‌ ‌in‌ ‌an‌ ‌ionic‌ ‌liquid.‌ ‌Owing‌ ‌to‌ ‌the‌ ‌very‌ ‌low‌ ‌vapor‌‌pressure‌‌of‌‌the‌‌ionic‌‌liquid‌‌used‌‌at‌‌room‌‌                                         
temperature,‌ ‌even‌ ‌under‌ ‌the‌ ‌high‌ ‌vacuum‌ ‌in‌ ‌the‌ ‌SEM,‌ ‌the‌ ‌suspension‌ ‌remains‌ ‌in‌ ‌liquid‌ ‌state.‌ ‌Moreover,‌ ‌the‌‌                                 
electrical‌‌and‌‌thermal‌‌conductivity‌‌of‌‌the‌‌ionic‌‌liquid‌‌also‌‌limits‌‌sample‌‌charging‌‌and‌‌thermal‌‌damage.‌‌This‌‌allows‌‌                                 
the‌ ‌imaging‌ ‌of‌ ‌the‌ ‌motion‌ ‌of‌ ‌individual‌ ‌microgel‌ ‌particles‌ ‌in‌ ‌conditions‌ ‌similar‌ ‌with‌ ‌those‌ ‌used‌ ‌for‌ ‌studying‌‌                                 



dynamics‌‌of‌‌large‌‌ensembles‌‌of‌‌microgels‌‌using‌‌DLS.‌‌Aside‌‌from‌‌SEM‌‌imaging‌‌of‌‌microgel‌‌ionic‌‌liquid‌‌samples,‌‌                                 
this‌ ‌work‌ ‌presents‌ ‌SEM‌ ‌results‌ ‌for‌ ‌a‌ ‌control‌ ‌sample‌ ‌of‌ ‌monodisperse‌ ‌hard‌ ‌sphere‌ ‌silica‌ ‌particles‌ ‌in‌ ‌ionic‌ ‌liquid.‌ ‌ 

E‌XPERIMENTAL‌‌ ‌P‌ROCEDURE‌ ‌ 

Hydroxypropylcellulose‌‌(HPC)‌‌microgels‌‌were‌‌synthesized‌‌in‌‌water‌‌following‌‌refs.‌‌[2].‌‌The‌‌final‌‌concentration‌‌                         
of‌‌microgels‌‌in‌‌the‌‌aqueous‌‌solution‌‌was‌‌2%‌‌by‌‌volume.‌‌Following‌‌the‌‌synthesis,‌‌the‌‌microgels‌‌were‌‌dispersed‌‌in‌‌                                   
the‌‌ionic‌‌liquid‌‌using‌‌equal‌‌amounts‌‌of‌‌stock‌‌solution‌‌and‌‌ionic‌‌liquid.‌‌The‌‌mixture‌‌was‌‌purged‌‌with‌‌dry‌‌N‌2‌‌‌for‌‌24‌‌to‌‌                                           
72‌‌hours.‌‌In‌‌the‌‌process‌‌the‌‌water‌‌evaporated,‌‌while‌‌the‌‌mass‌‌of‌‌the‌‌solution‌‌was‌‌monitored,‌‌resulting‌‌in‌‌a‌‌microgel‌‌                                       
suspension‌‌in‌‌ionic‌‌liquid‌‌of‌‌2%‌‌by‌‌volume.‌‌The‌‌ionic‌‌liquid‌‌used‌‌in‌‌this‌‌study‌‌was‌‌1-n-Butyl-3-methylimidazolium‌‌                                 
(98%‌‌purity,‌‌Sigma‌‌Aldrich),‌‌chosen‌‌to‌‌maximize‌‌the‌‌mutual‌‌solubility‌‌of‌‌the‌‌ionic‌‌liquid‌‌with‌‌that‌‌of‌‌water‌‌[5].‌‌A‌‌                                       
control‌ ‌sample‌ ‌of‌ ‌silica‌‌monodispersed‌‌microspheres‌‌(Cospheric‌‌LLC,‌‌890‌‌nm‌‌SiO‌2‌)‌‌in‌‌ionic‌‌liquid‌‌was‌‌prepared‌‌                               
with‌ ‌the‌ ‌same‌ ‌volume‌ ‌concentration.‌ ‌ 

Solutions‌ ‌of‌‌the‌‌microgels‌‌in‌‌both‌‌water‌‌and‌‌ionic‌‌liquid‌‌were‌‌characterized‌‌using‌‌DLS‌‌setup‌‌described‌‌in‌‌ref.‌‌                                   
[6].‌‌Figure‌‌1‌‌shows‌‌the‌‌temperature‌‌dependence‌‌of‌‌microgel‌‌hydrodynamic‌‌diameter‌‌(2R‌H‌)‌‌in‌‌ionic‌‌liquid‌‌and‌‌water.‌‌                                 
While‌‌ionic‌‌liquid‌‌DLS‌‌runs‌‌are‌‌noisier,‌‌the‌‌measured‌‌2R‌H‌ ‌in‌‌ionic‌‌liquid‌‌agrees‌‌well‌‌with‌‌the‌‌2R‌H‌ ‌in‌‌water‌‌below‌‌                                         
the‌‌microgel‌‌phase‌‌transition‌‌temperature‌‌(~41‌o‌C).‌‌The‌‌larger‌‌error‌‌bars‌‌in‌‌the‌‌ionic‌‌liquid‌‌are‌‌indicative‌‌of‌‌stronger‌‌                                   
thermal‌‌fluctuations.‌‌To‌‌limit‌‌thermal‌‌effects‌‌of‌‌the‌‌laser‌‌beam‌‌on‌‌microgel‌‌ionic‌‌liquid‌‌solution‌‌all‌‌of‌‌the‌‌DLS‌‌data‌‌                                       
was‌‌collected‌‌at‌‌laser‌‌powers‌‌below‌‌0.035‌‌W.‌‌Heating‌‌the‌‌samples‌‌above‌‌the‌‌phase‌‌transition‌‌temperature,‌‌i.e.‌‌41‌o‌C,‌‌                                   
did‌ ‌show‌ ‌differences‌ ‌between‌ ‌the‌ ‌water‌ ‌and‌ ‌ionic‌ ‌liquid‌ ‌suspensions,‌ ‌as‌ ‌the‌ ‌microgels‌ ‌showed‌ ‌no‌ ‌apparent‌‌                               
deswelling‌ ‌in‌ ‌ionic‌ ‌liquid‌ ‌while‌ ‌deswelling‌ ‌by‌ ‌a‌ ‌factor‌ ‌of‌ ‌2‌ ‌in‌ ‌diameter‌ ‌in‌ ‌water,‌ ‌as‌ ‌expected.‌‌ ‌  

‌ 
To‌ ‌prepare‌ ‌samples‌ ‌for‌ ‌SEM‌ ‌studies,‌ ‌the‌ ‌ionic‌‌liquid‌‌microgel‌‌suspension‌‌was‌‌dispersed‌‌ultrasonically‌‌for‌‌10‌‌                               

minutes,‌‌and‌‌then‌‌a‌‌1‌‌μL‌‌sample‌‌drop‌‌was‌‌deposited‌‌on‌‌a‌‌TEM‌‌copper‌‌grid.‌ ‌The‌‌excess‌‌liquid‌‌was‌‌removed‌‌using‌‌a‌‌                                           
piece‌‌of‌‌filter‌‌paper‌‌touched‌‌to‌‌the‌‌side‌‌of‌‌the‌‌grid,‌‌leaving‌‌the‌‌ionic‌‌liquid‌‌film‌‌as‌‌membranes‌‌suspended‌‌in‌‌the‌‌grid‌                                           
openings.‌‌The‌‌grid‌‌was‌‌then‌‌mounted‌‌on‌‌a‌‌standard‌‌SEM‌‌pin‌‌holder‌‌or‌‌an‌‌adaptor‌‌holder‌‌for‌‌TEM‌‌grids‌‌(Ted‌‌Pella‌‌                                         
#16111‌‌or‌‌#15469).‌‌The‌‌imaging‌‌was‌‌done‌‌at‌‌room‌‌temperature‌‌in‌‌a‌‌field‌‌emission‌‌electron‌‌microscope‌‌Inspect‌‌F50‌‌                                   
(FEI).‌ ‌It‌ ‌was‌ ‌observed‌ ‌that‌ ‌high‌ ‌magnification,‌ ‌high‌ ‌acceleration‌ ‌voltages,‌ ‌and‌ ‌long‌ ‌exposure‌ ‌resulted‌ ‌in‌ ‌the‌‌                               
crosslinking‌ ‌of‌ ‌the‌ ‌ionic‌ ‌liquid‌ ‌leading‌ ‌to‌ ‌quenching‌ ‌of‌ ‌the‌ ‌particle‌ ‌dynamics.‌ ‌To‌ ‌mitigate‌ ‌this,‌ ‌the‌ ‌acceleration‌‌                                 
voltage‌ ‌was‌ ‌limited‌ ‌to‌ ‌2kV‌ ‌and‌ ‌the‌ ‌diffusion‌ ‌data‌ ‌was‌ ‌collected‌ ‌for‌ ‌less‌ ‌than‌ ‌1‌ ‌minute‌ ‌to‌ ‌limit‌ ‌the‌ ‌overall‌ ‌dose.‌ ‌ 

R‌ESULTS‌‌ ‌‌AND‌‌ ‌D‌ISCUSSION‌ ‌ 

SEM‌‌imaging‌‌of‌‌the‌‌particles‌‌suspended‌‌in‌‌ionic‌‌liquid‌‌allowed‌‌size‌‌measurements‌‌on‌‌individual‌‌particles.‌‌The‌‌                               
secondary‌‌electron‌‌signal‌‌is‌‌used‌‌for‌‌imaging,‌‌with‌‌the‌‌contrast‌‌arising‌‌mainly‌‌from‌‌the‌‌topography‌‌of‌‌the‌‌microgel‌‌                                   
particles‌ ‌rising‌ ‌above‌ ‌the‌‌liquid‌‌ion‌‌–‌‌vacuum‌‌interface.‌‌These‌‌values‌‌were‌‌consistent‌‌with‌‌the‌‌distribution‌‌values‌‌                                 
extracted‌ ‌from‌ ‌DLS‌ ‌data.‌ ‌Moreover,‌ ‌the‌ ‌actual‌ ‌motion‌ ‌of‌ ‌individual‌ ‌particles‌ ‌could‌ ‌be‌ ‌monitored‌ ‌over‌ ‌times‌‌                               
sufficiently‌‌long‌‌to‌‌observe‌‌their‌‌relevant‌‌dynamics.‌‌Figure‌‌2a‌‌shows‌‌an‌‌SEM‌‌frame‌‌snapshot‌‌of‌‌44‌‌silica‌‌particles,‌‌                                   
the‌‌control‌‌sample.‌‌Using‌‌similar‌‌time‌‌stamped‌‌frames,‌‌the‌‌time‌‌evolution‌‌of‌‌the‌‌x-‌‌and‌‌y-‌‌position‌‌coordinates‌‌of‌‌                                     

‌ 
FIGURE‌ ‌1.‌ ‌‌Hydrodynamic‌ ‌diameter‌ ‌(2R‌H‌)‌ ‌of‌ ‌microgels‌ ‌as‌ ‌a‌ ‌function‌ ‌of‌ ‌solution‌ ‌temperature‌ ‌in‌ ‌water‌ ‌and‌ ‌ionic‌ ‌liquid.‌ ‌ ‌   



the‌ ‌particles‌ ‌are‌ ‌extracted‌ ‌using‌ ‌an‌ ‌open‌‌source‌‌particle‌‌tracking‌‌package‌‌(Tracker‌‌5.0‌‌[7]).‌ ‌Figure‌‌2b‌‌shows‌‌the‌‌                                   
reconstructed‌ ‌trajectories‌ ‌for‌ ‌the‌ ‌44‌ ‌particles‌ ‌shown‌ ‌in‌ ‌Figure‌ ‌2a‌ ‌over‌ ‌33‌ ‌seconds.‌‌ ‌  

‌ 

‌ 
(a)‌ (b)‌ ‌ 

FIGURE‌ ‌2.‌‌ ‌(a)‌ ‌Scanning‌ ‌electron‌ ‌microscopy‌ ‌snapshot‌ ‌of‌ ‌silica‌ ‌particles‌ ‌in‌ ‌ionic‌ ‌liquid‌ ‌(t‌ ‌=‌ ‌0‌ ‌s).‌ ‌(b)‌ ‌Trajectories‌ ‌of‌ ‌the‌ ‌44‌‌ 
silica‌ ‌particles‌ ‌tracked‌ ‌over‌ ‌a‌ ‌period‌ ‌of‌ ‌~‌ ‌33‌ ‌seconds.‌ ‌ 

‌ 

FIGURE‌ ‌3.‌‌ ‌Time‌ ‌dependence‌ ‌of‌ ‌the‌ ‌average‌ ‌mean‌ ‌squared‌ ‌displacement‌ ‌for‌ ‌the‌ ‌silica‌ ‌particles‌ ‌imaged‌ ‌in‌ ‌Fig.‌ ‌2.‌ ‌The‌ ‌dashed‌ ‌line‌‌ 
corresponds‌ ‌to‌ ‌the‌ ‌expected‌ ‌two-dimensional‌ ‌Brownian‌ ‌motion.‌ ‌ 

‌ 
The‌‌data‌‌collected‌‌for‌‌this‌‌assembly‌‌is‌‌summarized‌‌in‌‌Figure‌‌3‌‌by‌‌graphing‌‌the‌‌mean‌‌square‌‌displacement‌‌ ‌                                  ∆r 〉  〈 →2  

of‌‌the‌‌collection‌‌of‌‌particles‌‌as‌‌a‌‌function‌‌of‌‌time.‌‌For‌‌the‌‌control‌‌silica‌‌particles‌‌system,‌‌the‌‌resulting‌‌dynamics‌‌is‌‌                                       
consistent‌ ‌with‌ ‌the‌ ‌expectations‌ ‌based‌ ‌on‌‌the‌‌Stokes-Einstein‌‌equation‌‌(shown‌‌in‌‌Figure‌‌3,‌‌‌D‌=‌‌ )‌‌for‌‌thermal‌‌                              6R

k TB      
diffusion,‌ ‌where‌ ‌the‌ ‌diffusion‌‌constant‌‌‌D‌‌is‌‌calculated‌‌based‌‌on‌‌the‌‌particle‌‌hydrodynamic‌‌radius‌‌‌R‌‌=‌‌890‌‌[nm]/2‌‌                                   
and‌‌the‌‌measured‌‌ionic‌‌liquid‌‌viscosity‌‌‌η‌‌at‌‌room‌‌temperature‌‌‌T‌.‌‌In‌‌the‌‌above‌‌analysis,‌‌the‌‌motion‌‌is‌‌assumed‌‌to‌‌be‌‌                                         
two-dimensional‌‌as‌‌the‌‌secondary‌‌electron‌‌signal‌‌used‌‌for‌‌imaging‌‌originates‌‌primarily‌‌from‌‌the‌‌top‌‌surface‌‌of‌‌the‌‌                                 
sample,‌‌and‌‌thus‌‌only‌‌the‌‌motion‌‌of‌‌particles‌‌moving‌‌along‌‌the‌‌ionic‌‌liquid‌‌–‌‌vacuum‌‌interface‌‌could‌‌be‌‌captured.‌‌                                     
This‌‌approach‌‌is‌‌consistent‌‌with‌‌other‌‌high-resolution‌‌studies‌‌of‌‌hard-sphere‌‌like‌‌particles‌‌suspended‌‌in‌‌ionic‌‌liquids‌‌                               
[8].‌ ‌ 

A‌ ‌similar‌ ‌procedure‌‌was‌‌followed‌‌to‌‌obtain‌‌corresponding‌‌data‌‌sets‌‌for‌‌microgel‌‌samples.‌‌In‌‌contrast‌‌with‌‌the‌‌                                 
silica‌ ‌samples‌ ‌the‌ ‌microgels‌ ‌exhibit‌ ‌more‌ ‌complex‌ ‌behavior,‌ ‌which‌ ‌deviates‌ ‌from‌ ‌simple‌ ‌thermal‌ ‌motion‌ ‌and‌‌                             
includes‌ ‌clustering,‌ ‌rotational‌ ‌diffusion,‌ ‌and‌ ‌drift.‌‌Figure‌‌4a,‌‌shows‌‌the‌‌initial‌‌positions‌‌as‌‌well‌‌as‌‌the‌‌subsequent‌‌                                 
motion‌‌of‌‌several‌‌microgel‌‌particles.‌‌The‌‌four‌‌particles‌‌in‌‌the‌‌lower-left‌‌corner‌‌have‌‌convergent‌‌trajectories‌‌which‌‌in‌‌                                 
many‌ ‌instances‌ ‌leads‌ ‌to‌ ‌clustering,‌ ‌where‌ ‌particles‌ ‌become‌ ‌temporarily‌‌attached‌‌and‌‌undergo‌‌collective‌‌motions.‌‌                           
This‌‌type‌‌of‌‌clustering‌‌is‌‌particularly‌‌pronounced‌‌in‌‌regions‌‌close‌‌to‌‌where‌‌the‌‌ionic‌‌liquid‌‌suspension‌‌is‌‌attached‌‌to‌‌                                     
the‌ ‌copper‌ ‌TEM‌ ‌grid,‌ ‌possibly‌ ‌due‌ ‌to‌ ‌the‌ ‌liquid‌ ‌layer‌ ‌being‌ ‌thicker‌ ‌near‌ ‌the‌ ‌grid.‌ ‌ 

‌ 

‌ 



‌ 
(a)‌‌  (b)‌ ‌ 

‌ 
FIGURE‌ ‌4.‌‌ ‌(a)‌ ‌Trajectories‌ ‌of‌ ‌microgels‌ ‌tracked‌ ‌over‌ ‌~45‌ ‌seconds;‌ ‌(b)‌ ‌High‌ ‌resolution‌ ‌snapshots‌ ‌of‌ ‌the‌ ‌translational‌ ‌and‌‌ 

rotational‌ ‌motion‌ ‌of‌ ‌a‌ ‌single‌ ‌microgel‌ ‌particle‌ ‌and‌ ‌on‌ ‌left,‌ ‌trajectory‌ ‌of‌ ‌the‌ ‌particle‌ ‌imaged.‌ ‌ 
‌ 

In‌ ‌another‌ ‌example‌ ‌of‌ ‌complex‌ ‌motion,‌ ‌Figure‌ ‌4b‌ ‌shows‌ ‌a‌ ‌series‌ ‌of‌ ‌high-resolution‌ ‌snapshots‌ ‌of‌ ‌a‌ ‌single‌‌                                 
microgel‌‌particle.‌‌The‌‌morphological‌‌asymmetry‌‌of‌‌this‌‌particle‌‌allows‌‌for‌‌the‌‌observation‌‌of‌‌its‌‌rotational‌‌motion‌‌                               
where‌ ‌the‌ ‌particle‌ ‌undergoes‌ ‌a‌ ‌~90‌o‌ ‌rotation‌ ‌in‌ ‌the‌ ‌image‌ ‌plane‌ ‌over‌ ‌4‌ ‌seconds.‌ ‌This‌ ‌rotational‌ ‌motion‌ ‌is‌ ‌also‌‌                                     
accompanied‌‌by‌‌a‌‌complicated‌‌translational‌‌motion,‌‌in‌‌which‌‌the‌‌particle‌‌motion‌‌is‌‌localized‌‌over‌‌time‌‌scales‌‌on‌‌the‌‌                                   
order‌ ‌of‌ ‌10‌‌seconds,‌‌then‌‌rapidly‌‌drifts‌‌to‌‌another‌‌region,‌‌where‌‌the‌‌localized‌‌motion‌‌resumes.‌‌An‌‌analysis‌‌of‌‌the‌‌                                     
mean‌ ‌squared‌ ‌displacement,‌ ‌Figure‌ ‌5,‌ ‌finds‌ ‌that‌ ‌the‌ ‌localized‌ ‌motion‌ ‌is‌ ‌consistent‌ ‌with‌ ‌thermal‌ ‌diffusion.‌ ‌The‌‌                               
episodes‌‌of‌‌rapid‌‌drift‌‌sequences‌‌interrupting‌‌the‌‌thermal‌‌diffusion,‌‌indicate‌‌that‌‌the‌‌dynamics‌‌of‌‌this‌‌system‌‌is‌‌quite‌‌                                   
rich.‌‌This‌‌is‌‌possibly‌‌related‌‌with‌‌the‌‌complex‌‌microgel‌‌morphology‌‌and‌‌their‌‌more‌‌complicated‌‌interactions‌‌with‌‌                               
the‌ ‌environment.‌ ‌The‌ ‌observed‌ ‌complex‌ ‌microgel‌ ‌dynamics‌ ‌made‌ ‌it‌ ‌impossible‌ ‌to‌ ‌deduce‌‌microgel‌‌translational‌‌                           
diffusion‌‌coefficient‌‌via‌‌averaged‌‌mean-squared‌‌displacement‌‌approach‌‌used‌‌for‌‌silica‌‌particles.‌‌Additional‌‌data‌‌on‌‌                           
particle-particle‌ ‌and‌ ‌particle-environment‌ ‌interactions‌ ‌is‌ ‌needed‌ ‌to‌ ‌fully‌ ‌understand‌ ‌microgel‌ ‌motion‌ ‌in‌ ‌ionic‌ ‌liquid.‌ ‌ 

C‌ONCLUSIONS‌ ‌ 

We‌ ‌have‌ ‌demonstrated‌ ‌that‌ ‌high‌ ‌resolution‌ ‌imaging‌ ‌of‌ ‌particles‌ ‌dispersed‌ ‌in‌ ‌an‌ ‌ionic‌ ‌liquid‌ ‌can‌ ‌be‌ ‌a‌ ‌very‌‌                                   
powerful‌‌tool‌‌for‌‌studying‌‌their‌‌structure‌‌and‌‌dynamics.‌‌For‌‌silica‌‌systems‌‌tracked‌‌particle‌‌motions‌‌match‌‌well‌‌the‌‌                                 
theoretical‌ ‌assumptions‌ ‌of‌ ‌monodisperse‌ ‌noninteracting‌‌spherical‌‌particles.‌‌The‌‌results‌‌are‌‌consistent‌‌with‌‌motion‌‌                         
dominated‌‌by‌‌thermal‌‌diffusion.‌‌On‌‌the‌‌other‌‌hand,‌‌microgel‌‌suspensions‌‌show‌‌significant‌‌deviations‌‌from‌‌simple‌‌                             
Brownian‌ ‌motion,‌ ‌presumably‌ ‌related‌ ‌to‌ ‌their‌ ‌different‌ ‌morphology‌ ‌and‌ ‌non-trivial‌ ‌particle-particle‌ ‌and‌‌                       
particle-environment‌‌interactions.‌‌Future‌‌work‌‌will‌‌focus‌‌on‌‌acquiring‌‌data‌‌to‌‌uncover‌‌these‌‌relationships,‌‌as‌‌well‌‌as‌‌                               
to‌ ‌image‌ ‌microgel‌ ‌dynamics‌ ‌under‌ ‌changing‌ ‌environmental‌ ‌conditions,‌ ‌such‌ ‌as‌ ‌temperature.‌ ‌ 
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