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MAIN GOALS 
! 	   General	   overview	   of	   recent	   examples	   of	   luminescent	   and	   non-‐
luminescent	  thermometers	  working	  at	  nanometric	  scale.	  	  

! 	   Performance	   of	   self-‐referencing	   Eu3+/Tb3+	   luminescent	   molecular	  
thermometers	  based	  on	  funcAonal	  hybrid	  materials	  combining:	  

! 	  Self-‐referencing	  that	  allows	  absolute	  measurements	  
! 	  1%·∙K-‐1	  maximum	  temperature	  sensiAvity	  in	  the	  physiological	  gamut	  
! 	  High	  photostability	  for	  long-‐term	  use	  
! 	  Flexibility	  to	  be	  processed	  as	  thin	  films	  for	  mapping	  large	  areas	  
! 	  MulAfuncAonality	  (hosted	  in	  silica-‐coated	  magneAc	  NPs)	  



!   I.	  Why	  thermometry	  at	  sub-‐micron	  scale?	  Which	  is	  need	  
for?	  

!   II.	  Temperature	  sensing	  at	  microscale	  
!   II.	  Sensing/mapping	  at	  a	  submicron	  scale	  
!   III.	  Eu/Tb	  luminescent	  nanothermometer	  I	  

!   Breakthrough	  
!   Design	  &	  characterizaAon	  
!   Performance	  and	  spaAal	  resoluAon	  

!   IV.	  Eu/Tb	  luminescent	  nanothermometers	  operaAng	  at	  
physiological	  temperatures	  

!   V.	  Conclusions	  and	  outlook	  
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I. Why thermometry at sub-micron scale? 

SpaKal	  resoluKon:	  minimum	  distance	  to	  move	  in	  order	  to	  get	  ΔT	  
(temperature	  change)	  >	  S	  (relaAve	  sensiAvity,	  figure	  of	  merit)	  

J. Lee & N. A. Kotov, Nano Today, 2007, 2, 48; K.M. McCabe & M. Hernandez, 
Pediatr. Res., 2010, 67, 469. 

!  	  Temperature	  measurements	  are	  crucial	  in	  countless	  scienAfic	  invesAgaAons	  and	  
technological	   developments,	   75%–80%	   of	   the	   sensor	   market	   throughout	   the	  	  
world.	  
!   	   Current	   technological	   demands	   (microelectronics,	   microopAcs,	   photonics,	  
microfluidics,	   nanomedicine)	   have	   reached	   a	   point	   such	   that	   the	   use	   of	  
convenAonal	   thermometry	   is	   not	   able	   to	   make	   measurements	   when	   spa/al	  
resolu/on	   decreases	   to	   the	   submicron	   scale	   (e.g.	   in	   intracellular	   temperature	  
fluctuaAons	  and	  temperature	  mapping	  of	  microcircuits	  and	  microfluids).	  

parameter	  to	  be	  
measured	  

Which is the need for? 



!  	  Sensing	  temperature	  in	  an	  accurate	  way	  with	  sub–micron	  resoluAon	  is	  criAcal	  for	  
understanding	   numerous	   features	   of	   micro	   and	   nanoscale	   electronic	   devices	  
(thermal	  transport,	  heat	  dissipaAon,	  and	  profiles	  of	  heat	  transfer.	  

W. Jung et al., Sens. Actuators A, 2011, 171, 228 

Microdevice for surface-thermometry using SU8/Rh B thin layer  

Thin	  layer	  spin-‐coated	  on	  the	  
microheaters	  (heat	  sources)	  to	  achieve	  
microscale	  heaAng	  



!  	  MiniaturizaAon	   of	   electronic	   and	   optoelectronic	   devices	   and	   circuits	   and	   ever	  
faster	   switching	   speeds	   have	   increased	   the	   importance	   of	   localized	   heaAng	  
problems	   and,	   thus,	   steady–state	   and	   transient	   characterizaAon	   of	   temperature	  
distribuAons	  is	  central	  for	  performance	  and	  reliability	  analysis	  

J. Christofferson et al., J. Electron. Packaging, 2008, 130, 041101 

Scanning Thermal Microscopy 

High	   resoluAon	   thermal	   and	   topography	  
maps	   are	   generated	   with	   a	   very	   small	  
thermocouple	   on	   the	   Ap	   of	   the	   AFM	  
scanner	  very	  
	  
nano-‐sized	   canKlever	   Kp	   designed	   for	  
topographic	  and	  thermal	  measurements	  
on	  microrefrigerator	  sample.	  

Distance	  (μm)	  

Cooler	  

Metal	  
Interconnect	  

Top	  View	  



!  	   The	  precise	  mapping	  of	   the	   temperature	  
of	  living	  cells,	  especially	  cancer	  cells	  (higher	  
temperature	   than	   those	   of	   normal	   Kssues	  
due	   to	   the	   increased	   metabolic	   acAvity)	  
strongly	   improves	   the	   percepAon	   of	   their	  
pathology	  and	  physiology	  	  

op/miza/on	  of	  premature	  diagnosis	  
and	  therapeu/c	  processes	  (e.g.	  in	  
hyperthermal	  tumour	  treatment	  
and	  photodynamic	  therapy)	  	  

Electron	  Microscope	  Photos	  of	  Brain	  Cancer	  Cells	  
(hap://www.alternaAve-‐cancer.net/Cell_photos.htm)	  

C. L. Wang et al., Cell. Res., 2011, 21, 1517 



!   	   The	   temperature	   of	   living	   cells	   is	   modified	   during	   every	   cellular	   acAvity	   (cell	  
division,	   gene	   expression,	   enzyme	   reacAon	   and	   changes	   in	   metabolic	   acAvity)	  
leading	  to	  acute	  variaAon	  of	  intracellular	  temperatures.	  

STEVE	  GSCHMEISSNER/SCIENCE	  PHOTO	  LIBRARY	  

Lung	  cancer	  cell	  division	  (SEM)	  

hap://www.sciencephoto.com/set/1336	  



The	  most	  popular	  approach	  to	  nanothermometers	  has	  been	  the	  miniaturizaAon	  of	  
the	  geometrical	  size	  of	  convenAonal	  thermometers.	  

!   Luminescent	   thermometers	   based	   on	   temperature–dependent	   emission	  
intensity	  and/or	   lifeAme	  of	  dye–sensiAzed	  polymer	  dots,	  QDs,	  and	  Ln3+–doped	  
NPs;	  

!   Nanoscale	  IR	  thermometers	  from	  metal	  NPs	  based	  on	  blackbody	  radiaAon;	  
!   Scanning	  thermal	  microscopes	  based	  on	  Ln3+–doped	  NPs;	  
!   Nanoscale	  thermocouples	  fabricated	  from	  point	  contact	  juncAons;	  
!   Liquid–	   and	   solid–in–tube	   nanothermometers	   fabricated	   from	   nanotubes	   and	  

based	  on	  temperature–dependent	  thermal	  expansion	  of	  liquids;	  
!   Coulomb	   blockade	   nanothermometers	   from	   nanosized	   superconductor–

insulator–metal	  tunnel	  juncAons	  based	  on	  the	  Coulomb	  blockade	  of	  tunneling	  
!   Complex	   structured	   nanothermometers	   from	   MEMS	   based	   on	   temperature–

dependent	  resonator	  quality	  factor	  or	  Fermi–level	  shij.	  

C.D.S. Brites et al., Nanoscale, 2012, in press (DOI: 10.1039/c2nr30663h) 



Level	   of	   the	   Ga	   meniscus	  
i n c r e a s e s	   w i t h	   t h e	  
increasing	  of	  temperature	  

Y. H. Gao & Y. Bando, Nature, 2002, 415, 599 

CalibraAon	   curve	   for	  
o b t a i n e d	   d u r i n g	  
heaAng	   (red	   circles)	  
and	   cooling	   (blue	  
triangles)	  stages.	  

The well known example of expansion of Ga inside a CNT… 



Scanning Thermal Microscopy 
A	  related	  technique	  based	  on	  ac	  heaAng	  of	  the	  resisAve	  probe	  and	  monitoring	  
ac	   current	   uses	   point	   contact	   juncAons:	   measurement	   of	   the	   thermoelectric	  
voltage	   of	   a	   plaAnum–gold	   point	   contact	   that	   is	   funcAon	   of	   the	   local	  
temperature.	   A	   Si	   AFM	   canAlever	   with	   a	   Ap	   radius	   of	   ∼20	   nm,	   deposiAng	   a	  
double	  Ti/Pt	  (5/40	  nm)	  layer	  on	  both	  sides	  of	  the	  canAlever.	  	  

Sadat et al., Nano Lett., 2010, 10 2613 



Scanning Thermal Microscopy 



!   	   High–resoluAon	   thermometry	   techniques	   have	   been	   catalogued	   in	   many	  
different	  manners,	  for	  instance,	  depending	  on	  whether	  they	  make	  use	  of	  electrical	  
or	  opAcal	  signals	  or	  based	  on	  near–	  or	  far–field	  applicaAons.	  

!  	  With	  this	  very	  general	  outline,	  it	  is	  common	  that	  the	  same	  technique	  is	  classified	  
in	   different	   ways	   (scanning	   thermal	   microscopy	   can	   be	   either	   categorized	   as	  
electrical	  or	  near–field	  thermometric	  method).	  



C.D.S. Brites et al., Nanoscale, 2012, in press (DOI: 10.1039/c2nr30663h) 





20	  P. R. N. Childs et al., Rev. Sci. Instrum., 2000, 71, 2959 



!   Measure	   of	   temperature	   by	   heat	   flow	   to	   a	   probe,	   collect	  
informaAon	  as	  an	  electrical	  signal	  	  

Advantages	   Disadvantages	  
!   	  Well	  implemented	  technology	  
!   	  SoluAons	  for	  different	  
temperature	  ranges	  

!   Low	  cost	  temperature	  sensors	  
!  High	  reproducibility	  and	  reliability	  

!   	  Sensor	  must	  be	  placed	  in	  contact	  
with	  the	  sample	  

!   Sensor	  ojen	  bigger	  than	  the	  
sample	  to	  measure	  

!  CalibraAon	  procedures	  may	  be	  
needed	  	  

!   	  Not	  suitable	  for	  measurements	  at	  
scales	  below	  10-‐6m	  

21	  

Development	  of	  new	  non-‐contact	  accurate	  thermometers	  with	  
micro	  and	  nanometric	  precision	  

Contact thermometers 

J. Lee & N. A. Kotov, Nano Today 2007, 2, 48 



Non-contact thermometers 
A	   large	   number	   of	   molecular	   systems	   can	   be	   used	   to	   sense	   and	   measure	  
temperature:	  
!   High-‐spin/low	  spin	  systems	  
!   Biomolecules:	  proteins,	  nucleic	  acids,	  mRNAs	  and	  others	  
! Thermoresponsive	  polymer	  gels	  
!   QDs	  
!   Ln3+	  complexes	  
!   Light-‐eminng	  molecules	  showing	  temperature-‐dependent	  conformaAons	  
!   Organic	  dyes	  



!   OpAcal	  probes	  (organic	  dyes,	  proteins,	  polymers,	  QDs,	  Ln3+)	  eminng	  visible	  or	  
NIR	  light	  (thermochromic	  materials)	  

!   band	  shape	  
!   peak	  energy	  &	  intensity	  
!   excited	  states	  lifeAmes	  	  

23	  

Advantages	   Disadvantages	  
!  Noninvasive	  and	  accurate	  
technique	  that	  works	  remotely	  by	  
way	  of	  an	  opAcal	  detecAon	  
system,	  even	  in	  biological	  fluids,	  
strong	  electromagneAc	  fields	  and	  
fast-‐moving	  objects	  

!   Intensity	  raAo	  of	  two	  emissions	  
provide	  self-‐calibraAon	  

!   Some	  examples	  use	  complex	  analysis	  of	  
lifeAmes	  or	  emission	  quantum	  yields	  

!   Intensity	  decreases	  drasAcally	  under	  
conAnuous	  excitaAon	  (photobleaching):	  
not	  suitable	  for	  long-‐term	  monitoring	  
(organic	  dyes)	  	  

Luminescent non-contact thermometers 



Relative sensitivity as figure of merit 

T em p e r a t u r e	   d e p e n d e n t	  
parameter	   whose	   values	   were	  
calculated	  finng	  the	  experimental	  
data	   graphically	   reported	   in	  
l i t e r a t u r e	   t o	   p o l y n om i a l	  
interpolaAons	   implemented	   with	  
MatLab.	   A	   cut-‐off	   on	   the	   relaAve	  
sensiAvity	  values	  is	  assumed	  when	  
the	   abso lu te	   t empera tu re	  
resoluAon	  is	  below	  1	  K.	  



C.D.S. Brites et al., Nanoscale, 2012, in press (DOI: 10.1039/c2nr30663h) 

!  	  Dye–	   (red),	   polymer–	   (green),	  QDs–	   (black)	   and	   Ln3+–based	   (blue)	   luminescent	  
thermometers.	  Non–luminescent	  thermometers	  in	  magenta.	  
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Luminescent ratiometric thermometers 

!  	  Dyes	  (red),	  polymers	  (green),	  QDs	  (black),	  Ln3+	  (blue)	  
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Luminescent thermometers based on rise or decay times 

!  	  Dyes	  (red),	  polymers	  (green),	  Ln3+	  (blue)	  
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Thermometers displaying spatial resolution <10 µm (dotted 
lines: non-ratiometric luminescent examples) 

!   	   Dyes	   (red),	   polymers	   (green),	   Ln3+	   (blue).	   Non–luminescent	  
thermometers	  in	  magenta.	  



!  	  2D	  distribuAon	  maps	  using	  5D0	  rise-‐Ame	  temporal	  response	  in	  Y2O3:Eu	  
A. Khalid & K. Kontis, Meas. Sci. Technol. 2009, 20, 025305 

!   	   Siloxane	   hybrid	   nanoparAcles	   (20-‐30	   nm)	   incorporaAng	   a	   Eu3+	   tris(β-‐
diketonate)	  complex	  and	  an	  Eu3+	  complex	  &	  an	  organic	  dye	  reference	  	  
H. S. Peng et al., Adv. Mater. 2010, 22, 716; ibid J. Nanopart. Res., 2010, 12, 2729 

II. Temperature sensing at microscale 
(Molecular nanothermometry) 



!  	   Scanning	   thermal	  microscope	  with	   Er3+/Yb3+	   co-‐doped	   fluoride	   glass	   or	  
PbF2	  nanoparAcles	  glued	  at	  the	  Ap	  extremity	  
E. Saïdi et al., Nanotechnology 2009, 20, 115703.L. Aigouy et al., J. Appl. Phys. 2009, 106, 
4301 



Cellular thermometers 
!  	  UC	  in	  NaYF4:Er3+,Yb3+	  NPs	  (ra/ometric)	  
F. Vetrone et al., ACS Nano, 2010, 4, 3254; Angew. Chem. Int. Edit., 2011, 50, 4546-4551. 

!  	  With	  an	  organic	  dye	  as	  the	  temperature	  probe	  (non-‐raAometric)	  
C. Gota et al., J. Am. Chem. Soc. 2009, 131, 2766  

Thermoresponsive	  polymer	  

!  ResoluAon	  of	  0.3-‐0.5	  K	  
!  No	  intracellular	  temperature	  
distribuAon	  

!  Large	  size	  (>62	  nm)	  
!   	   Low	   hydrophilicity,	   hindered	  	  
dispersion	  throughout	  the	  cell.	  



!  	  Involving	  	  QDs	  as	  the	  temperature	  probe	  (non-‐ra/ometric)	  
H. Huang et al., Nat. Nanotechnol. 2010, 5, 602 
 

MnFe2O4	   NPs	   (6	   nm)	   targeted	   to	   specific	   proteins	   on	   the	   plasma	  
membrane	  of	  Human	  embryonic	  kidney	  cells	  (HEK	  293)	  and	  heated	  by	  a	  RF	  
magneAc	  field	  (40	  MHz,	  8.4	  G)	  between	  30	  and	  46	  ◦C.	  

G o l g i -
targeted 
GFP	  

20 µm	  

DyLight549	  conjugated	  to	  the	  
streptavidin-‐coated	  NPs,	  
exclusively	  localized	  on	  the	  
plasma	  membrane	  of	  the	  

expressing	  cells	  

Microscopy	   images:	   group	   of	   HEK	   293	   cells,	   two	   of	   which	  
are	   expressing	   Golgi-‐targeted	   GFP	   and	   the	   bioAnylated	  
membrane	  protein	  AP-‐CFP-‐TM.	  



!  The	  local	  temperature	  increases	  
at	   the	   plasma	   membrane	   (red,	  
decrease	   in	  DyLight549	  fluores-‐
cence	  intensity)	  

!  Remained	  constant	  at	  the	  Golgi	  
apparatus	   (green,	   fluorescence	  
intensity	  of	  Golgi-‐targeted	  GFP).	  

AWer	  applica/on	  of	  the	  RF	  magne/c	  field	  (hatched	  box)	  

RF	   magneAc	   field-‐induced	   NP	  
heaAng	   is	   sufficient	   to	   trigger	   the	  
opening	   of	   TRPV1	   ion	   channels	   in	  
cells.	  
N e u r o n a l 	   s i g n a l l i n g 	   w a s	  
d e m o n s t r a t e d 	   t r i g g e r i n g	  
behavioural	   responses	   in	  worms	   (C.	  
elegans).	  

Heat generated locally 
in the plasma membrane 

without cytoplasmic 
heating 



K. Okabe et al., Nat. Commun. 2012, 3, 705	  

c	  

A B C

301	  K 313	  K

306.3	  K

308.0	  K

Fluorescent	  polymer	  internalized	  in	  living	  COS7	  cells	  
(first	  effecAve	  intracellular	  temperature	  mapping)	  	  

20	  µm	  

!  	   SpaAal	   resoluAon	  at	   the	  diffracAon	   limit	   level	   (200	  
nm);	  
! Sm=4.4%	  K–1,	  at	  311	  K;	  
!   	   Fluorescence	   lifeAme	   in	   the	   nucleus	   and	   in	   the	  
cytoplasm	  in	  a	  representaAve	  cell,	  mean	  temperature	  
gradient	  of	  1.9	  K.	  



!   The	  breakthrough…	  

Tb3+	   Eu3+	  

5D0	  

5D4	  

λ=543 nm 

λ=
35

5 
nm

 

En
er

gy
 

Host	  

!   	   Host	   raKonal	   design;	   an	   excited	   triplet	  
with	   energy	   above	   that	   of	   the	   Tb3+	   5D4	  
state,	   thus	   warranAng	   the	   occurrence	   of	  
thermally-‐driven	  5D4⇨host	  energy	  transfer	  

!   	   The	   Tb/Eu	   relaAve	   intensity	   guarantees	  
absolute	  measurement	  of	  temperature	  

!  	  ΔE	  between	  that	  triplet	  state	  and	  the	  Eu3+	  
5D0	   eminng	   level	   is	   too	   large	   to	   permit	  
thermally-‐driven	  depopulaAon	  

!  	   The	   self-‐calibra/on	   (relaAve	   intensiAes)	  
overcomes	   the	   well-‐known	   drawbacks	   of	  
intensity-‐based	  measurements	   (e.g.	   sensor	  
concentraAon	   and	   drijs	   of	   the	   lamp	   and	  
detectors)	  

C.D.S. Brites et al., Adv. Mater., 2010, 22, 4499; New J. Chem., 2011, 35, 1177; 
Nanoscale, DOI:10.1039/C2NR30663H 

Patent	  
Spain	  –	  	  P200930367,	  2009	  
EP	  10791650.4,	  2011	  	  
USA	  –	  13380671,	  2012	  

III. Eu/Tb luminescent nanothermometer  
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!  	   [Ln(bza)3(MeOH)(bpeta)]	   (Ln=Eu	  &	   Tb)	  
β-‐diketonates	  

!  	  Organic-‐inorganic	  hybrid	  NPs	  formed	  by	  
a	   maghemite	   (γ-‐Fe2O3)	   magneAc	   core	  
coated	   with	   a	   tetraethyl	   orthosilicate/	  
aminopropyltriethoxysilane	   (TEOS/
APTES)	   organosilica	   shell	   (modified	  
Stöber	  method)	  

O

O

CF3
 3

Ln
O-CH3

H

N

N

b]a	  
bpeta	  

!  	  Eu/Tb	  co-‐doped	  NPs	  with	  Eu:Tb	  raAos	  of	  
2:1	   (NP3-‐2.1),	   1:1	   (NP3-‐1.1),	   1:2	  
(NP3-‐1.2),	   1:3	   (NP3-‐1.3)	   and	   1:10	  
(NP3-‐1.10)	  

Thermometer design 



DLS: NPs (dispersible in H2O) diameter distribution  

Nanoparticles characterization 

Bimodal	  size	  
distribuKon	  (120	  
and	  390	  nm)	  



SEM & TEM (NP3-1.3) 

!   	   NPs	   aggregaAon	   occurs	   during	  
evaporaAon	  of	  the	  dispersions	  

!  	  High	  contrast:	  
Eu3+/Tb3+	  
!  	  Low	  contrast:	  
APTES/TEOS	  

!   γ-‐Fe2O3	  



EDS mappings 

EDS	   mappings	   show	   Eu3+	  
and	  Tb3+	  distribuAons	  with	  
contours	   and	   shapes	  
similar	  to	  those	  of	  the	  NPs	  

The NPs 
contain both 
Eu3+ and Tb3+  
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Commission	   Internacionale	  
d'Éclairage	   (CIE)	   (x,y)	   color	  
coordinates	   illustrates	   the	  
dependence	  on	  T:	  

!  	  1	  &	  2:	  5D4⇨
7F6,5	  (Tb3+)	  	  

!  	  3,	  4	  &	  5:	  5D0⇨
7F2-‐4	  (Eu3+)	  	  

!  	  Area	  marked	  with	  an	  asterisk:	  
Eu3+/Tb3+	  (5D0⇨

7F0,1)/(5D4⇨
7F4)	  

overlapping	  
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Moc-‐Seitz	  model	  

 NP3-1.1 
 NP3-1.2 
 NP3-1.3 
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  τ
 (5 D 4) /

10
-3
s

Temperature /K

NP3-1.1 
ΔE=615±19 cm-1 

NP3-1.2 
ΔE=521±18 cm-1 

NP3-1.3 
ΔE=687±14 cm-1 

Thermally	  ac/vated	  non-‐radia/ve	  mechanism	  involving	  a	  parKcular	  
level	  located	  above	  (500-‐700	  cm-‐1)	  the	  5D4	  level	  (20590	  cm-‐1)	  

!  	  τr:	  radiaAve	  lifeAme	  
!  	  k:	  migraAon	  energy	  rate	  
!  	  ΔE:	  acAvaAon	  energy	  between	  
the	  trap	  level	  and	  the	  5D4	  state	  !  	  kB:	  Boltzmann	  constant	  	  
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	  T 	  = 	  10	  K
	  T 	  = 	  100	  K
	  T 	  = 	  175	  K
	  T 	  = 	  250	  K
	  T 	  = 	  300	  K

28 26 24 22 20 18 16
E nerg y	  /	  10-‐3 	  cm-‐1

A. M. Jakob & T. A. Schmedake, Chem. Mater. 2006, 18, 3173; L. Wang et al., 
Langmuir 2008, 24, 1635; A. Zhanbotin et al., Mater. Lett. 2011, 65, 10. 

Emitting levels of the TEOS/APTES layer 

Excita/on:	  320	  nm	  

400	  nm	  

Metal-‐Free	  Highly	  
Luminescent	  Silica	  
NPs	  (Langmuir	  
2012,	  28,	  8190)	  



TEOS/APTES	  
host	  

Tb3+	   Eu3+	  

5D0	  

5D4	  

λ=612 nm 
λ=543 nm 

λ=
35

5 
nm
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 (c

m
-1
)  

Concerted two–step process involving the 
Boltzmann energy factor  

22500±1500	  

20590±5	  

17256±5	  

!  	  The	  excited	  T	   state	  of	   the	  
T EO S / A P T E S	   l a y e r	   i s	  
p o p u l a t e d 	   t h r o u g h	  
thermally-‐driven	   5D4-‐to-‐host	  
energy	  transfer	  
!  	  I(5D4⇨

7F5	  )	  ↓	  
!   	   The	   T	   level	   transfers	   a	  
fracAon	   of	   the	   absorbed	  
energy	   to	   the	   Eu3+	   ions	   via	  
the	   bza/bpeta	   l igands	  
(through	  the	  mulApolar	  and	  
exchange	  mechanisms)	  
!  	  I(5D0⇨

7F2)↑	  

5D2	  
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!  	  The	  Eu3+	  PL	  intensity	  starts	  
to	   increase	   at	   precisely	   the	  
same	   T	   at	   which	   the	   Tb3+	  
emission	  starts	  to	  decrease	  

!  	  The	  Tb3+	  PL	  intensity	  strongly	  
decreases	  as	  T	  increases	  



The	  luminescent	  molecular	  thermometer	  coupled	  with	  an	  OM:	  

thermometer with micrometer spatial resolution 
(larger	  spot	  size	  as	  compared	  to	  the	  NPs	  aggregates	  is	  direct	  consequence	  
of	  the	  limited	  space	  resoluAon	  of	  the	  instrument)	  

125	  K	   300	  K	  
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Absolute	  measurements:	   5D0⇨
7F2	   (IEu	  at	  612	  nm)	  

and	  5D4⇨
7F5	  (ITb	  at	  545	  nm)	  integrated	  areas	  

Nanothermometer performance 
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T empera ture 	  /K

	  NP 3-‐1.1
	  NP 3-‐1.2
	  NP 3-‐1.3
	  NP 3-‐1.10

Quality	  limit:	  Smin=1%·∙K-‐1	  

OpAmal	   operaAon	   range	   of	   60-‐80	   K	   around	  
the	  temperature	  of	  Sm	  (120-‐190	  K	  



!   	   OH	   phonons	   (3700	   cm-‐1)	  
deacAvate	   the	   electronic	   levels	  
of	  Ln3+	  ions	  
!  	   The	   efficiency	  of	   this	   transfer	  
increases	   as	   the	   magnitude	   of	  
the	   energy	   gap	   between	   the	  
emissive	   state	   and	   the	   highest	  
level	   of	   the	   ground	   manifold	  
decrease	   (14800	   cm-‐1,	   for	   Tb3+	  
and	  12200	  cm-‐1,	  for	  Eu3+)	  

W. DE W. Horrocks Jr. & D. R. Sudnick, Acc. Chem. Res. 1981, 14, 384 

Can the nanothermometer works in solution? 
Quenching	   of	   Ln3+	   luminescence:	   nonradiaKve	   energy	   transfer	   from	   the	  
Ln3+	  excited	  states	  (e.g.	  Tb3+	  and	  Eu3+)	  to	  the	  OH	  vibraKonal	  manifold	  
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Suspension	  in	  water	  
(1mg/mL	  of	  NP3-‐1.2)	   Fibre	  bundle	  	  

guiding	  365	  nm	  	  
excitaAon	  light	  

The 

The 

The 

The 

The 

0.38±0.04 

Emission QY 

Same	  value	  than	  
that	  measured	  in	  
in	  solid	  state	  

Working on solutions… 



	   	  

Excited	  triplet	  state	  
located	  at	  higher	  

energy	  (rela/vely	  to	  
that	  of	  the	  TEOS/
APTES	  layer)	  



N-‐(triethoxysilylpropyl)-‐O-‐
Polyethylene	  Oxide	  Urethane	  	  

IV. Eu/Tb nanothermometer operating 
at physiological temperatures	  

to be published 

Ln(acac)3·∙3H2O	  (Ln=Eu,Tb)	  	  

O

O

 3

Ln [H2O]3

NP4-‐1.3	  

!  	  Different	  hybrid	  host	  (TEOS/TESP),	  same	  b]a	  and	  bpeta	  liganfs	  

!  	  Different	  β-‐diketonate	  ligand,	  same	  APTES/TEOS	  hybrid	  host	  

NP5-‐1.4	  
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SEM	  &	  EDS	  



DLS	  and	  TEM	  
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Fluorescence	  Micoscopy	  and	  TEM	  

50	  µm	  

50	  µm	  

NP4-‐1.3	  

NP5-‐1.4	  
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Intensity	  vs	  Temperature	  
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NP4-‐1.3:	  0.27±0.03	  
NP5-‐1.4:	  0.37±0.04	  

Emission QY at 300 K 



Δ	  and	  S	  parameters	  
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Energy	  Scheme	  (above	  200	  K)	  
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Microfluid	  Setup	  

Inner	  Diameter=1	  mm	  
Total	  Scanning	  Length	  =20	  mm	  
Total	  Volume	  scanned=	  15.7	  µL	  
	  

Thermometer	  	  
suspension	  

heaAng	  	  
circuit	  

x	  

OpAcal	  	  
Fiber	  

USB	  Detector	  

PC	  

OpAcal	  	  
Fiber	  

Heater	   Suspension	  

TranslaAon	  Stage	  
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SpaKal	  ResoluKon	  
	  
NP4-‐1.4:	  	  	  	  	  65	  μm	  
NP5-‐1.3:	  	  	  	  	  67	  μm	  
IR	  camera:	  	  160	  μm	  

Pixel	  Size	   Fibre	  Field	  of	  View	  

Spa/al	  Resolu/on	   Spa/al	  Resolu/on	  



Comparision	  with	  literature	  examples	  

spaKal	  resoluKon	  of	  ∼69	  μm	  	  

V. K. Natrajan & K. T. Christensen, Meas. Sci. Technol. 2009, 20, 015401 
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a+c=2.5,	  b=8.5	  

!  	  Eu/Tb	  molar	  raAo	  is	  1:3	  (U-‐1.3)	  
!   	   Processability	   as	   transparent	  
films	  (≈10	  µm)	  and	  monoliths	  
!  	  (a)	  undoped	  di-‐ureasil	  hybrids	  
!  	  (b)	  Eu-‐doped	  hybrids	  
!  	  (c)	  Tb-‐doped	  hybrids	  

V. D. Bermudez et al., Chem. Mater. 1999, 11, 569; L. D. Carlos et al. Adv. Mater. 
2009, 21, 509. 



 NP3-1.1 
 NP3-1.2 
 NP3-1.3 
 U-1.3 

0 50 100 150 200 250 300
0.00

0.25

0.50

0.75

 

 

  τ
 (5 D

4)
 /1

0-3
s

Temperature /K

ΔE	  (≈2000	  cm-‐1)	  

The thermometer range of operation 
is shifted to room temperature 
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!   	   The	   maximum	   absolute	  
emission	  QY	  of	  U1.3	  is	  0.16±0.02	  
!  	  Smax=1.9%·∙K-‐1	  (at	  201	  K)	  

The	  Eu/Tb	  co-‐doped	  di-‐
ureasils	  are	  sufficiently	  
sensiAve	  to	  be	  used	  in	  

the	  physiological	  
temperature	  range	  

Δ	  
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Spatial resolution 
Mapping	   the	   temperature	  on	  a	   integrated	  circuit,	  with	   tracks	  of	  different	  
widths	  (<200	  µm),	  covered	  with	  a	  U3-‐1	  layer	  (10	  µm)	  

Under UV light 

Temperature gradients up to 0.03 degree·µm-1 



to move the circuit with a 
precision of 100 µm 



Translation Stage

Fibre Bundle

Optical Layer

Integrated Circuit

A
B

M	  –	  Monocromator	  	  C	  –	  ColimaAng	  Lens	  
F	  –	  OpAcal	  Fiber 	  	  	  	  	  	  	  D	  –	  Detector	  

M	   C	  

D	  

F	  

(precision	  of	  100	  µm)	  

DetecKon	  (inner	  diameter	  450	  µm)	  

ExcitaKon	  (355	  nm)	  
Fiber Tip 
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x	  

y	  

IR	  Camera	  Pixel	  Size	  

OpAcal	  Fiber	  Field	  of	  View	  

State-‐of-‐the-‐art	  commercial	  infrared	  camera	  (thermal	  image)	  
!  	  Flir	  i50	  
!  	  Pixel	  ≈350	  µm	  
!  	  Thermal	  sensiAvity	  of	  0.1	  degree	  
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Line	  A	  

Line	  B	  

IR	  camera	  temperature	  profile	  
Spectral	  extrapolated	  temperature	  

Line A

Line B

Comparing Measurements 

!  	   SpaAal	   resoluAon	   (line	   B,	   step:	   793	   µm):	  35	   µm,	   esAmated	   by	   the	  
minimal	  distance	  resolved	  by	  the	  thermometer	  when	  T	  changes	  above	  
0.5	  K	  (T	  uncertainty)	  
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!  	  Step	  between	  two	  consecuAve	  measures	  of	  the	  translaAon	  stage:	  350	  
µm	  (<	  diameter	  of	  the	  detecAon	  fibre)	  
!  	  SpaAal	  resoluAon:	  3.42	  µm	  (0.146	  °C/µm)	  
!  	   Spectral	   resoluAon	   (or	   resolving	   power)	   of	   our	   device	   (measure	   of	  
the	  ability	  to	  resolve	  T	  in	  the	  T	  map)	  ≈100	  (350/3.42)	  



!   	   Good	   agreement	   between	   IR	   camera	   results	   and	   the	   spectroscopic	  
extrapolated	  T	  
!  	   SpaAal	   resoluAon	  of	   the	  molecular	   thermometer	   limited	  by	   the	  opAcal	  
fiber	  numerical	  aperture	  (area	  <	  1	  mm2)	  
!   	   Measure	   T	   gradients	   and	   discern	   T	   changes	   much	   beaer	   than	   the	   IR	  
camera:	  

!   The	  camera	  cannot	  resolve	  T	  in	  0.7	  mm	  range	  
!   The	  field	  of	  view	  of	  the	  opAcal	  fiber	  can	  be	  reduced	  using	  lower	  
numerical	  apertures	  
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Maximum	  slope	  on	  the	  	  
temperature	  changes	  
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B 

100 µm 

Indeed	  there	  are	  not	  many	  examples	  of	  references	  reporAng	  such	  measurement	  in	  a	  
quanAtaAve	  way.	  The	  excepAon	  is	  a	  report	  of	  Tessier	  et	  al..	  	  The	  author	  reports	  a	  
temperature	  mapping	  using	  a	  	  hermoreflectance-‐based	  algorithms	  operaAng	  at	  536	  ±	  
13nm	  wavelengths	  in	  order	  to	  obtain	  temperature	  images.	  The	  calibraAon	  	  curve	  uses	  
the	  relaAve	  variaAon	  of	  the	  reflectance	  R/R	  with	  the	  temperature,	  finding	  a	  linear	  
relaAon	  with	  slope	  (3	  ±	  0.5)	  ×	  10−5	  per	  degree.	  	  

Set-‐up	  used	  for	  thermoreflectance	  described	  in	  the	  reference	  [230]	  	  for	  imaging	  through	  the	  substrate	  with	  an	  
InGaAs	  CCD	  camera	  (A).	  The	  device	  is	  powered	  at	  a	  frequency	  F	  with	  contact	  needles	  on	  its	  acAve	  lower	  side.	  (B)	  
Thermal	  image	  of	  a	  gold	  resistor	  dissipaAng	  609	  mW,	  obtained	  through	  the	  500	  μm	  silicon	  substrate	  with	  a	  ×50,	  
NA=0.6,	  objecAve.	  The	  resoluAon	  measured	  along	  the	  doaed	  line	  is	  1.7	  μm,	  which	  is	  the	  diffracAon	  limit.	  In	  
silicon	  near	  the	  resistor	  the	  temperature	  step	  corresponds	  to	  27	  K.	  

G. Tessier et al., Appl. Phys. Lett. 2007, 90, 171112 
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The	  2D	  temperature	  mapping	  reported	  was	  imported	  to	  MatLab	  rand	  the	  
temperature	  profile	  presented	  in	  figure	  5.17.	  The	  spaAal	  resoluAon	  
reported	  is	  ∼	  1.7	  μm,	  and	  limited	  by	  the	  diffracAon	  limit	  that	  depends	  on	  
the	  wavelength	  used.	  	  

Figure	  5.17:	  Temperature	  mapping	  described	  in	  reference	  [230].	  The	  
temperature	  profile	  (B)	  is	  perfectly	  conAnuous,	  unlike	  what	  is	  observed	  
under	  visible	  illuminaAon,	  when	  several	  materials	  are	  seen	  under	  the	  
encapsulaAon	  (A)	  

This	  value	  in	  good	  agreement	  with	  that	  obtained	  
for	  the	  	  450	  μm-‐core	  fibre	  diameter.	  
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!   	   SpaAal	   resoluAon	   on	   temperature	   mapping	   (in	   units	   of	   distance	   to	  
originate	  a	  temperature	  uncertainly	  of	  0.5	  K)	  using	  different	  scanning	  steps	  
(horizontal	  axis)	  for	  two	  fibres	  with	  different	  inner	  diameters.	  

Spatial resolution of a 
temperature mapping with a 
maximum step of 90 K 

450 µm	  

200 µm	  

1.8	  μm	  

1.4	  μm	  
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The	  luminescent	  molecular	  thermometer	  combines:	  
!  	  Ability	  to	  fine-‐tune	  emission	  color	  as	  a	  funcAon	  of	  temperature	  and	  Eu3+/
Tb3+	  proporAon	  
!  	  Self-‐referencing	  that	  allows	  absolute	  measurements	  
!  	   4.9%·∙K-‐1	  maximum	   temperature	   sensiAvity	   (beaer	   than	   0.5%·∙K-‐1	   in	   the	  
physiological	  temperature	  range)	  
!  	  High	  photostability	  for	  long-‐term	  use	  
!  	  Flexibility	  to	  be	  processed	  as	  thin	  films	  for	  sensing/mapping	  large	  areas	  
with	  a	  spaAal	  resoluAon	  limited	  by	  the	  size	  of	  the	  opAcal	  detectors	  (≈1-‐10	  
µm	  for	  commercial	  opAcal	  fibers	  and	  CCD	  cameras)	  
!  	  Temperature	  uncertainty	  of	  0.5	  degree	  
!  	  MulAfuncAonality,	  as	  it	  can	  be	  hosted	  in	  silica-‐coated	  magneAc	  NPs	  

V. Conclusions and outlook 



!  The	   synergeAc	   outcomes	   arising	   by	   combining	   T	   sensing/mapping	   and	  
superparamagneAsm	   opens	   the	   way	   for	   new	   exciAng	   applicaAons,	  
especially	  in	  the	  biomedical	  field.	  	  

!   	   Such	   associaAon	   will	   provide	   a	   unique	   instrument	   to	   map,	   in	   a	   non-‐
invasive	   way,	   temperature	   distribuAons	   in	   biological	   Assues	   (e.g.,	   in	  
tumors)	   during	   heat	   release,	   due	   to	   the	   applicaAon	   of	   an	   ac	   field	   to	  
magneAc	   NPs	   (magneAc	   hyperthermia),	   this	   being,	   with	   no	   doubt,	   a	  
powerful	   tool	   for	   the	   study	   of	   biochemical	   micro-‐processes	   occurring	  
within	  a	  cell.	  	  
H. Huang et al., Nature  Nanotechnology  2010, 5, 602–606 
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