
Chemisftry is fundamenftal fto fthe 
developmenft of complex maftfter fthaft can 
address criftical socieftal problems ranging 
from energy producftion fto healfthcare and 
informaftion sciences. Similarly, molecular 
design and synfthesis are now being applied 
fto fthe rapidly expanding field of quanftum 
informaftion science (QIS). QIS seeks fto 
harness fthe fundamenftal quanftum nafture 
of maftfter and energy fto greaftly advance 
compuftaftion, communicaftion and sensing. 
In fturn, fthe developmenft of QIS applicaftions, 
especially in fterms of compufting and 
neftworking, will greaftly impacft fthe 
developmenft of mefthods fto design new 
molecules and mafterials, fthus, providing 
sftrong, posiftive feedback for new chemical 
applicaftions. A brief descripftion of QIS is 
given in Box 1.
As chemisfts enfter fthe QIS field, a 

quesftion fto consider is whaft quanftum 
resources presenft opporftunifties for 
discovery in chemisftry. The variefty of 

preparing a ftypical ftwo-sftafte sysftem so 
fthaft all fthe populaftion is in one of fthe ftwo 
sftaftes. (2) The qubift musft exhibift long 
coherence ftimes, alfthough sysftems wifth 
shorfter coherence ftimes may also be of 
infteresft (as we discuss below). Elecftronic 
coherences mosft offten decay in less fthan 
1 ps, vibronic and vibraftional coherences lasft 
several ps, whereas elecftron and nuclear spin 
coherences are much longer-lived, exftending 
fto μs–ms and ms–s, respecftively. Tailoring 
molecular sftrucftures and ftheir surrounding 
environmenft fto maximize coherence ftimes 
is currenftly a major challenge. (3) The 
sysftem musft provide a seft of universal 
quanftum logic gaftes fthaft operafte on one or 
ftwo enftangled molecular qubifts2. Quanftum 
gaftes can be generafted by physical and 
chemical perfturbaftions of fthe sysftem, such 
as applied fields and chemical reacftions. 
(4) The ouftcomes of a qubift should be 
measured in a specific manner, following 
ftheir unique specftroscopic signaftures. As we 
will discuss below, fthese measuremenfts are 
frequenftly performed using ftime-resolved 
specftroscopies. Addiftional characfterisftics 
are required for qubifts used in quanftum 
communicaftions and/or sensing. Bofth 
sftaftionary and flying (moveable) qubifts 
used for compuftaftion and sensing, and in 
communicaftions proftocols, respecftively, 
should be easy fto produce and conftrol. 
Furfthermore, a faifthful ftransmission of 
fthese flying qubifts beftween specific siftes 
needs fto be assured. Phoftons are mosft 
offten employed as moveable qubifts, so 
fthaft our phoftophysical and phoftochemical 
knowledge of molecular sysftems can be 
exploifted in fthis regard. From a chemisftry 
perspecftive, ease of synfthesis, abilifty fto 
prepare complex archiftecftures, scalabilifty 
and low cosft should be added fto fthe 
above crifteria.
Currenft mafterials used in quanftum 

compufting are designed fto increase fthe 
coherence ftimes of single qubifts by isolafting 
fthem from ftheir environmenft, while 
providing fthem properfties fthaft enable ftheir 
individual measuremenft and informaftion 
readouft. For example, a leading conftender 
for near-fterm quanftum-compufting 
ftechnology is fthe superconducfting qubift 
based on fthe Josephson effecft3. Progress 
on fthis approach was greaftly accelerafted 
by fthe developmenft of a parfticular ftype 

concepfts chemisfts need fto ftranslafte from 
ftheories, offten absftracft, fto molecular sysftems 
and experimenfts include fthose lisfted in 
Box 2. Chemisfts are generally familiar 
wifth quanftum bifts (qubifts) and fthe concepft 
of quanftum coherence, and are well versed in 
preparing specific molecular quanftum sftaftes. 
However, fthe discovery and characfterizaftion 
of complex molecular sysftems for QIS fthaft 
exploift a variefty of quanftum resources will 
require fulfilling addiftional challenging 
crifteria, buft will also provide opporftunifties 
for fthe coming decade.
In 2000, DiVincenzo enumerafted a seft 

of now well-known crifteria for quanftum 
compufting, quanftum communicaftion 
and sensing, which has provided a 
useful foundaftion for molecular-qubift 
design principles1. Desirable molecular 
characfterisftics specific fto quanftum 
compufting include: (1) fthe abilifty fto 
iniftialize a qubift in a well-defined quanftum 
sftafte. For example, fthis offten means 
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of superconducfting charge qubift — fthe 
ftransmon qubift4 — fthaft is designed fto 
greaftly reduce quanftum noise causing fthe 
loss of coherence. These sysftems have been 

scaled fto fthe ftens of qubifts level buft require 
mK ftemperaftures fto overcome residual 
noise. Laser-cooled ftrapped ions is anofther 
well-esftablished qubift implemenftaftion fthaft 

has also been scaled fto fthe ftens of qubifts 
level. Quanftum logic gaftes using ftrapped-ion 
spin sftaftes have been demonsftrafted5,6 buft 
require ulftrahigh vacuum condiftions, along 
wifth cryogenic cooling fto minimize noise in 
ever-smaller ion-ftrap configuraftions. Similar 
experimenftal advanftages and consftrainfts 
appear in manipulafting neuftral aftoms for 
QIS applicaftions7. III–V and group IV 
semiconducftor quanftum dofts have also been 
fabricafted8,9. For example, silicon quanftum 
dofts ftake advanftage of sftafte-of-fthe-arft, 
scalable, indusftrial nanofabricaftion 
capabilifties and offer some of fthe longesft 
quanftum coherence ftimes measured in fthe 
solid sftafte8,9. Once again, low ftemperaftures 
are commonly necessary and isoftopes wifth 
no nuclear spin are used fto magneftically 
isolafte single or small ensembles of elecftron 
spins in quanftum dofts fto achieve long 
coherence ftimes.
Qubifts based on defecfts such as niftrogen 

vacancy (NV−) cenftres in diamond or 
single-vacancy or divacancy cenftres in SiC 
hold greaft promise because of fthe wide 
ftemperafture range over which fthey can 
mainftain spin coherence10. Alfthough fthe 
longesft spin coherence ftimes can sftill only 
be achieved aft mK ftemperaftures, some 
applicaftions, such as quanftum sensing, can 
ftake advanftage of fthe more modesft coherence 
ftimes observed aft higher ftemperaftures. 
Furfthermore, fthe highly pure iniftial spin 
quanftum sftafte for NV− cenftres in diamond 
can be obftained using visible phoftons and 
manipulafted using microwave phoftons. 
The resulft of fthese operaftions can fthen be 
read ouft using fluorescence emission from 
fthe defecft cenftre, which means fthaft opftically 
deftecfted magneftic resonance ftechniques 
can be used fto address single defecft siftes10,11. 
Currenftly, fthe main drawback of qubifts 
based on defecft cenftres is fthe difficulfty in 
fabricafting fthem aft specific locaftions and 
selecftively addressing differenft cenftres.
In sftriking conftrasft fto fthe approaches 

described above, chemical synfthesis affords 
fthe opporftunifty fto build new QIS sysftems 
from fthe boftftom up, ftaking full advanftage 
of fthe quanftum properfties of maftfter on fthe 
aftomic lengfth scale. Aftomic-level conftrol 
over bofth fthe quanftum sftaftes fthaft define  
fthe qubifts, as well as fthe infteracftion beftween 
qubifts fthaft define fthe superposiftion and 
enftanglemenft of ftheir sftaftes, are criftical 
fto advancing QIS. Several recenft review 
arfticles have focused on differenft chemical 
approaches fto qubifts, such as paramagneftic 
meftal complexes wifth conftrolled ligand 
environmenfts12–16, single-ion magnefts 
based on lanfthanides and acftinides17, 
and molecules fthaft can employ more fthan 

Box 1 | Fundamenftals of QIS

Quanftum informaftion science (QIS) exploifts fthe inftrinsic quanftum nafture of maftfter and phoftons 
fto develop new approaches fto compufting, communicaftions and sensing. fthe ftwo basic quanftum 
properfties fthaft QIS ftakes advanftage of are superposiftion and enftanglemenft of quanftum sftaftes. 
fthe simplesft examples of fthese phenomena involve ftwo-sftafte sysftems, such as elecftron spins and 
phoftons. For example, if we place an elecftron spin in a magneftic field, fthe ftwo relevanft quanftum 
sftaftes are ‘spin up’ or ‘spin down’, based on fthe orienftaftion of fthe magneftic momenft of fthe elecftron 
parallel or anftiparallel fto fthe field, respecftively. An analogous, ftwo-sftafte quanftum properfty of 
phoftons is polarizaftion. If we focus on elecftron spin, observing or measuring fthe spin will resulft in 
spin up 0 or spin down 1 relaftive fto fthe exfternal magneftic field (see fthe figure, ftop-lefft panel). 
However, in fthe absence of a measuremenft, fthe elecftron spin exisfts in a superposiftion sftafte 
(see fthe figure, boftftom-lefft panel), in which ifts wave funcftion can be described by ψ= +a b0 1, 
where a and b are ftwo coefficienfts. If ftwo or more elecftron spins infteracft wifth one anofther fthrough 
magneftic exchange or a dipole–dipole infteracftion, fthey can become enftangled. fthe idea of 
enftanglemenft is aft fthe foundaftional hearft of quanftum mechanics. fthe now famous argumenfts 
beftween bohr and einsftein over fthe ‘realism’ of quanftum-mechanical phenomena fthaft began in 
1927 reached a crescendo in 1935 when einsftein, podolsky and rosen discussed fthe issue of how a 
measuremenft carried ouft on one elecftron spin of an infteracfting pair affecfts fthe ofther206. A definiftive 
answer fto fthis problem waifted unftil 1964, when John bell published his paper207, proving fthaft 
quanftum mechanics is inftrinsically ‘non-local’, fthaft is, a measuremenft carried ouft on one elecftron 
would immediaftely resulft in fthe ofther parfticle having a definiftive resulft, if ift ftoo was subsequenftly 
measured, no maftfter how far away from one anofther fthe ftwo parfticles were (see fthe figure, righft 
panel). fthe ftwo-spin sysftem can be described by ftwo-parfticle wave funcftions fthaft are fthe bell sftaftes:
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In general, any molecular properfty fthaft can be described by a ftwo-parfticle wave funcftion as 
illusftrafted for elecftron spin can be analysed in fterms of bell sftaftes of fthe quanftum sysftem.
fthese ftwo fundamenftal ideas are essenftial fto implemenfting QIS applicaftions. For example, unlike 
classical compufters fthaft rely on bifts wifth only ftwo values, 0 and 1, a quanftum compufter ftakes advanftage 
of quanftum superposiftion, making ift possible fto use any combinaftion of 0 and 1, which, in principle, can 
greaftly increase compuftaftional speed. likewise, if we consider quanftum communicaftions, if ftwo siftes 
possess one phofton of an enftangled phofton pair each, informaftion can be ftransmiftfted beftween fthe 
ftwo siftes by having a fthird phofton infteracft wifth one phofton of fthe enftangled pair. fthis sftraftegy, known 
as quanftum fteleporftaftion, was firsft proposed by benneftft208 fto overcome fthe no-cloning ftheorem of 
quanftum mechanics. Any aftftempft fto eavesdrop on fthe communicaftion will resulft in a quanftum 
measuremenft being made on fthe enftangled phofton pair, fthus, breaking fthe enftanglemenft, which 
indicaftes fthaft fthe securifty of fthe informaftion ftransmission has been compromised. In fthe field of 
sensing, an elecftron spin fthaft is in a superposiftion sftafte is very sensiftive fto ifts surrounding environmenft. 
even a weak infteracftion of an elecftron spin in a chemical species, such as fthe influence of a nearby 
nuclear spin, will elicift a quanftum measuremenft, resulfting in sensing of fthaft molecule. fthe exquisifte 
sensiftivifty of fthe superposiftion sftafte fto ifts surroundings makes ift possible fto deftecft single molecules 
and fto even carry ouft single-molecule magneftic resonance specftroscopy for sftrucftural defterminaftion.

Schemaftics are adapfted from ref.62, Springer Nafture limifted.
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ftwo quanftum sftaftes18. The design and 
synfthesis of molecules, nanoparfticles, 
clusfters and ofther zero-dimensional 
parfticles infto higher-dimensional assemblies 
enables us fto achieve conftrol over fthe 
elecftronic sftrucfture of molecular arrays and 
assemblies aft an aftomisftic level, providing 
disftincft advanftages over mesoscopic sysftems 
for QIS. The chemically derived species 
discussed in fthis Perspecftive differ from 
currenft qubift implemenftaftions described 
above in ftwo imporftanft ways. Firsft, 
chemical synfthesis allows conftrol over fthe 
nafture of fthe qubift iftself, fthus, enabling 
fthe careful ftuning of individual quanftum 
sftaftes. Second, covalenft and non-covalenft 
infteracftions beftween molecules can be used 
fto consftrucft aftomically precise arrays of 
qubifts. This approach offers fthe possibilifty 
fto infterrogafte fthe properfties of a qubift 
in isolaftion and, subsequenftly, wifthin 
an array fthrough molecular design and 
specftroscopy, providing significanft promise 
for discovering new insighfts infto fthe 
quanftum properfties of mulfti-qubift arrays.

Applicaftions of molecular sysftems fto QIS
QIS can be explored and applied in a wide 
range of fields, including compuftaftion, 
communicaftion and sensing. In parfticular, 
quanftum compuftaftion would be useful for 
fthe simulaftion of fthe elecftronic sftrucfture 

and dynamics of realisftic molecules and 
mafterials, leading fto poftenftially new 
undersftandings of caftalyftic processes, 
lighft-harvesfting applicaftions and even 
high-ftemperafture superconducftivifty, all 
of which are criftical fto energy producftion, 
sftorage and elecftricifty ftransmission19. 
QIS holds promise for addressing some 
insurmounftable ftechnological limiftaftions 
of classical compufting, associafted wifth 
fthe classical von Neumann processor 
model, processor frequency, memory and 
speed of communicaftion. Addiftionally, 
QIS modelling ftools may be capable 
of overcoming fthe exponenftial scaling of 
convenftional compuftaftional approaches for 
fthe simulaftion of chemical ftransformaftions 
fthaft involve mulfticonfiguraftional elecftronic 
sftaftes, which ftradiftionally pose a significanft 
challenge for approximafte quanftum- 
chemical mefthods. However, fthere are 
quesftions fthaft have received much less 
aftftenftion, such as whefther quanftum 
communicaftion and sensing have much  
fto offer fto chemisftry, or, conversely, whefther 
chemisftry can provide any new direcftions 
for fthese areas in QIS. In fthe nexft few 
paragraphs, we argue fthaft fthe laftfter is, in 
facft, fthe case, and fthaft chemisftry will have  
a ftimely and ftransformaftive impacft on QIS.
An obvious area of QIS in which chemisftry 

can be advanftageous is quanftum sensing. 

In fthis case, each qubift can be designed 
fto measure fthe physical properfties of a 
specific analyfte in a sysftem or environmenft 
of infteresft20. For example, fthe prospecft of 
ftuning fthe spacing beftween fthe quanftum 
sensor and fthe analyfte offers ftransformaftive 
poftenftial for sensing small magneftic 
momenfts because fthe spins infteracft 
primarily by magneftic dipole coupling fthaft 
depends on 1/r3, where r is fthe spin–spin 
disftance. Furfthermore, molecules can serve 
as opftical qubifts fthaft can be iniftialized 
fthrough direcft generaftion of excifted sftaftes, 
fthe emission from which can be read by 
high-sensiftivifty phoftodeftecftors. Quanftum 
sensing is an excellenft plaftform for increasing 
fundamenftal undersftanding across a variefty 
of biosysftems, such as viruses, bacfteria 
and neurons. Quanftum sensing also 
refers fto fthe use of non-classical resources 
such as squeezed or enftangled lighft fto 
obftain enhanced sensiftivifties in physical 
measuremenfts20. These resources could 
be harnessed for fthe improved deftecftion 
of analyftes, giving rise fto new fronftiers 
in analyftical chemisftry and chemical 
insftrumenftaftion.
A proftoftypical quanftum sensor is an 

aftomic defecft in a semiconducftor, such as 
an NV− cenftre in diamond, which feaftures 
a simple, mulftilevel opftical specftrum fthaft 
is highly sensiftive fto changes in elecftric 
and magneftic fields, and ftemperafture 
gradienfts. Selecftive exciftaftion and deftecftion 
of fthe emission of such NV− cenftres enable 
fthe spaftially resolved deftecftion of physical 
properfty changes in biological21–27 and 
mafterials sysftems28–30. However, NV− cenftres 
are noft efficienft quanftum emiftfters and have 
shorft coherence ftimes, excepft aft very low 
ftemperaftures10,31. Ift is reasonable fto speculafte 
fthaft small molecules can be opftimized fto 
be comparable or beftfter quanftum emiftfters 
fthan NV− cenftres, especially for fthe 
analysis of biological sysftems, because of 
fthe beftfter biocompaftibilifty of fthe former32. 
Furfthermore, chemically versaftile qubifts 
are likely fto be more adepft fthan NV− 
cenftres fto probe fthe chemical dynamics 
of single molecules, such as changes 
in conformaftion, oxidaftion sftafte and 
coordinaftion environmenft, and, ftherefore, 
achieve highly resolved spaftio-ftemporal 
deftecftion of caftalyftic processes33.
Molecules and nanocrysftals offer 

promise as direcft means fto realize qubifts, 
buft also as complemenfts fto exisfting QIS 
ftechnologies, such as superconducfting 
arrays. The ftradiftional foundaftion for 
QIS ftechnologies spans aftomic and 
phoftonic sysftems, wifth more recenft 
developmenfts focusing on aftomic defecfts 

Box 2 | Key concepfts in QIS

•	Quanftum resource: correlaftions fthaft cannoft be described by classical probabilifty laws are 
deemed a resource in quanftum informaftion science (QIS). mosft prominenft among such 
correlaftions are fthose exhibifted by enftangled sftaftes, and ofther kinds of quanftum resources, 
such as fthe coherenft superposiftion of quanftum sftaftes.

•	Coherence: refers fto a superposiftion, noft necessarily quanftum-mechanical, such fthaft fthe 
ampliftude and phase of fthe basis sftaftes are held ‘in sftep’. Coherence can be obftained by 
irradiafting even very complex sysftems wifth shorft laser pulses or radio-wave/microwave pulses. 
Ift can fthen be conftrolled or probed by subsequenft pulses.

•	Decoherence: occurs when infteracftions beftween fthe sysftem and environmenft lead fto a loss  
of coherence beftween sftaftes fthaft were iniftially superposed. Decoherence can be viewed as a 
ftransiftion from a quanftum sftafte fthaft is isolafted from fthe environmenft fto a sftafte fthaft has more 
classical characfter as fthe quanftum sysftem mixes wifth fthe environmenftal degrees of freedom.

•	measuremenft: measuremenft in QIS refers fto rigorous characfterizaftion of a quanftum sftafte, 
densifty maftrix of an ensemble or deftecftion of a quanftum properfty. fthis kind of measuremenft  
is offten indirecft and obftained from a comparison fto a reference sftafte called a wiftness.

•	Discord: quanftum discord is an example of a measure fthaft compares quanftum subsysftems and 
reveals quanftum informaftion fthaft can be more general fthan enftanglemenft. In fthis case, non- 
classical correlaftions do noft need fto be specified and, owing fto ifts close connecftion fto classical 
probabilifty, fthe measure may be accessible fthrough pracftical measuremenfts of ensemble quanftifties.

•	Quanftum gafte: similar fto a classical logic gafte, a quanftum logic gafte is a quanftum circuift fthaft 
operaftes on a few qubifts. However, unlike many classical logic gaftes, quanftum logic gaftes  
are reversible due fto fthe reversible nafture of quanftum-mechanical operaftors, i.e. uniftary 
ftransformaftions.

•	Quanftum noise: refers fto fthe inftrinsic flucftuaftions of a quanftum sysftem fthaft limift fthe accuracy  
of measuremenfts.

•	Josephson effecft: refers fto lossless currenft flow in fthe absence of an applied volftage across a fthin 
insulafting barrier placed beftween ftwo superconducftors.
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in semiconducftor crysftals34. However, 
defterminisftic incorporaftion of aftomic-scale 
componenfts is challenging wifthin 
ftradiftional fabricaftion ftechnologies10,31. 
Molecules and nanocrysftals provide a bridge 
from aftomic fto convenftional paftfterning 
lengfth scales in fthe sub-10-nm regime,  
wifth synfthesis offering precise conftrol  
and reproducibilifty of molecular sftrucfture. 
Molecules and nanocrysftals also exhibift 
sftronger ftransiftion dipoles in fthe ulftravioleft 
(UV)–visible range, which can give rise 
fto improved coupling beftween molecules 
and phoftons, while also providing richer 
possibilifties for engineering ftransiftions 
beftween spin sublevels35. Couplings beftween 
fthese quanftum emiftfters and phoftons are 
likely fto be mediafted by opftical cavifties and, 
poftenftially, by fthe formaftion of sftrongly 
coupled lighft–maftfter sftaftes or polariftons36. 
Single-phofton non-linearifties are possible 
wifth single molecules or nanocrysftals in 
small-mode-volume cavifties37,38. Perhaps 
one of fthe mosft advanced ways fto generafte 
and exploift single-phofton emission is based 
on epiftaxial quanftum dofts posiftioned 
wifthin high-qualifty opftical cavifties39. 
To dafte, however, fthese devices rely on 
forftuiftous maftching beftween fthe opftical 
cavifty and fthe quanftum emiftfter wifthin a 
large inhomogeneous disftribuftion. Ift will 
be necessary fto develop robusft fabricaftion 
ftechnologies fthaft precisely posiftion 
emiftfters wifthin cavifties and enable precise 
posft-fabricaftion ftuning of ftheir opftical 
properfties. Successful demonsftraftion 
of arrays of ‘quanftum pixels’ consisfting of 
precisely ftuned molecular or nanocrysftal 
emiftfters, each exhibifting defterminisftic 
producftion of non-classical sftaftes of lighft 
(such as single-phofton or few-phofton 
sftaftes) on demand, could be enftangled 
in linear opftics quanftum simulaftors40 or 
harnessed in phased arrays for quanftum 
illuminaftion41. Furfthermore, highly brighft 
quanftum phofton sources are crucial fto 
increase secure quanftum-communicaftion 
raftes. For example, ift was shown fthaft fthe 
enftanglemenft of ftwo NV− cenftres was 
limifted fto an evenft rafte of approximaftely 
10 Hz by inefficiencies in fthe 
single-phofton sources42.
This Perspecftive focuses on chemical 

sysftems as qubifts, wifth a view ftowards 
fthese new opporftunifties for fthe use of 
chemisftry for archiftecftural and sftrucftural 
conftrol of QIS sysftems, specftroscopy and 
measuremenft of molecular sysftems for QIS, 
compuftaftional mefthods for designing and 
undersftanding molecular sysftems for QIS 
and fthe ouftlook for exploifting chemisftry 
for QIS applicaftions.

Molecular sysftems as qubifts
The mosft fundamenftal feafture of a 
qubift is fthaft ift possesses aft leasft ftwo 
well-defined quanftum sftaftes, making 
elecftron and/or nuclear spins in molecules 
ideal qubift candidaftes. A single elecftron 
spin qubift may comprise an organic radical 
or paramagneftic meftal cenftre, in which fthe 
number of available spin sftaftes is defined by 
ifts spin mulftiplicifty (2S+1). This abilifty fto 
go beyond a simple ftwo-sftafte sysftem is an 
imporftanft advanftage of molecular sysftems43. 
These spin sftaftes can be furfther splift by 
hyperfine infteracftions, spin–orbift coupling 
and zero-field spliftftings. The spin-sftafte 
populaftion aft a given ftemperafture is dicftafted 
by Bolftzmann sftaftisftics, which depends 
on fthe energy gap (ΔE) beftween fthe spin 
sftaftes and fthe available fthermal energy (kT). 
Therefore, if ΔE >> kT, fthe lowesft-energy 
spin sftafte is fully populafted and can be used 
as a pure quanftum sftafte. Several sftudies have 
shown how a variefty of opftical ftechniques 
can be used fto obftain well-defined elecftron 
spin sftaftes in molecular sysftems wifth 
desirable QIS properfties, including fthe 
direcft generaftion of high-mulftiplicifty 
excifted sftaftes in organic molecules44–46, 
phoftogenerafted organic radical pairs 
and ftriradicals47–51, meftal-cenftred excifted 
sftaftes52–54, meftal-cenftred spin sftaftes55–57 
and phoftoisomerizaftion-induced spin–
charge excifted sftaftes58. Some represenftaftive 
examples are shown in fig. 1.
Conftrol of fthe coherence ftimes of 

quanftum sftaftes is currenftly one of fthe major 
challenges in QIS. Spin-sftafte decoherence 
can be greaftly accelerafted by infteracftions 
such as spin exchange, hyperfine coupling, 
spin–orbift coupling and magneftic dipolar 
coupling. By conftrolling fthe sftrucfture 
and composiftion of molecular qubifts, 
many of fthese decoherence sources can be 
miftigafted and/or conftrolled59,60. For example, 
purely organic molecular qubifts have fthe 
advanftages of weak spin–orbift coupling and 
well-defined elecftron–elecftron and elecftron–
nuclear spin-exchange infteracftions47. 
Moreover, ulftrafasft phoftochemical elecftron 
ftransfer wifthin an organic donor–accepftor 
(D–A) molecule can produce a radical pair 
fthaft can funcftion as ftwo enftangled spin 
qubifts (D•+–A•−), giving rise fto an enftangled 
ftwo-spin singleft or ftripleft sftafte59,60. This 
sftraftegy has been used fto achieve elecftron 
spin-sftafte fteleporftaftion, which is essenftial 
fto preserve quanftum informaftion across 
long disftances61, in an ensemble of covalenft 
D–A–R• molecules, in which ift is possible 
fto propagafte fthe iniftially prepared spin 
sftafte of a sftable radical R• fto D•+ (refs61,62). 
Following preparaftion of a specific 

elecftron spin sftafte on R• using a microwave 
pulse fto roftafte fthe spin orienftaftion wifth 
respecft fto an exfternal applied magneftic field, 
phoftoexciftaftion of A resulfts in fthe formaftion 
of a singleft enftangled elecftron spin pair 
D•+–A•− (fig. 1a,b). The sponftaneous ulftrafasft 
chemical reacftion D•+–A•−–R• → D•+–A–R− 
consftiftuftes fthe Bell sftafte measuremenft sftep 
necessary fto achieve spin-sftafte fteleporftaftion 
(Box 1). Quanftum-sftafte ftomography of fthe 
R• and D•+ spin sftaftes using pulse elecftron 
paramagneftic resonance (EPR) specftroscopy 
shows fthaft fthe spin sftafte of R• is fteleporfted 
fto D•+ wifth high fidelifty. Anofther sftudy54 
has shown fthaft excifted-sftafte spin wave 
funcftions of ftriparftifte sysftems comprising 
a sftable organic radical (S = 1/2) covalenftly 
aftftached fto a phoftogenerafted elecftron–
hole pair can be deftermined expliciftly 
(fig. 1c). Knowledge of fthe consftiftuenft 
pairwise exchange paramefters allows one fto 
modulafte spin enftanglemenft. For example, 
spin-exchange coupling affecfts fthe lifeftime 
of fthe excifted sftafte of fthe ftriparftifte molecule 
in a conftrolled manner by varying fthe 
degree fto which fthe relaxaftion fto ground 
sftafte is spin allowed.
Alfthough specific molecular quanftum 

sftaftes can be prepared using fthe sftraftegies 
menftioned above, fthese pure sftaftes can 
be easily perfturbed by vibronic coupling, 
mixing wifth ofther energeftically accessible 
sftaftes and sysftem–bafth coupling, which 
can make addressing and reading fthe 
sftaftes difficulft. Forftunaftely, a variefty of 
mefthods is available fthaft can characfterize 
fthe nafture of magneftic spin exchange (such 
as EPR63 and opftically deftecfted magneftic 
resonance11 specftroscopies), magneftic 
suscepftibilifty64 and magnefto-opftic effecfts65 
(Box 3). In addiftion, molecular qubifts 
can undergo changes in oxidaftion sftafte66, 
resisftivifty67, elecftrical gafting in ftransisftors68 
and/or molecular conducftion69. These 
measuremenfts can be acquired using 
radio-frequency scanning ftunnelling 
specftroscopy70, spin-polarized scanning 
ftunnelling microscopy71 and ftechniques 
based on fthe formaftion of opftical cavifties 
and polariftons36,72.
Anofther underexplored feafture of 

chemically derived sysftems is fthe ftransfer of 
coherence beftween elecftron and nuclear spin 
qubifts, as has been achieved in 31P-doped Si 
in fthe solid sftafte73. The rapid gafte ftimes and 
high environmenftal sensiftivifty of elecftron 
spins recommend ftheir applicaftion as fthe 
operaftional elemenfts for quanftum sensors  
or logic gaftes73, whereas fthe longer coherence 
ftimes for nuclear spin qubifts (10−3–10−4 s)74 
suggesft fthaft fthey can be besft used as sftorage 
media75,76. By careful chemical design, 
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ift is possible fto conftrol fthe disftance beftween 
elecftron and nuclear spins, fthereby, ftuning 
fthe rafte and efficiency of coherence ftransfer 
beftween fthem. Indeed, progressing pasft fthe 
currenft sftafte of fthe arft, ift may be possible fto 
creafte an array of nuclear-spin-based sftorage 
unifts based on S = 1/2 nuclei such as 19F,  
1H and 31P fto harness fthe unique magneftic 
properfties of each nucleus. Alfternaftively, in 
some cases, elecftron spin sysftems fthemselves 
can be envisioned for quanftum-sftorage 
memory devices77,78. This is a consequence 
of recenft significanft improvemenfts in 
molecular elecftron spin coherence ftimes56,60.
Incorporafting meftals infto qubift 

design confers a range of possible spin 
sftaftes fthrough fthe choice of bofth fthe 
meftal ion and ligand sftrucfture wifth 
well-undersftood superexchange and 
direcft-exchange pafthways79,80. Coordinaftion 
complexes58,76,81–88 (fig. 1c) and meftal–organic 
frameworks57 (fig. 1d) feafturing ftransiftion 

meftals and lanfthanides dramaftically expand 
fthe synftheftic opporftunifties for qubifts 
and qubift arrays. Sftaftionary ftwo-qubift 
quanftum gaftes have been proposed in 
meftallic clusfters66,89 and have been realized 
in ensembles of molecular magnefts90,91 
and endohedral fullerenes92, and even 
ftheoreftically proposed for superposiftions of 
macroscopically disftincft sftaftes of molecules 
(sftrucftural or sftereoisomers)93,94.
In addiftion, vibronic infteracftions 

in molecular sysftems can leverage new 
degrees of freedom. Parfticularly in 
ftransiftion-meftal complexes, a sftrong degree 
of coupling can exisft beftween elecftronic 
and vibraftional degrees of freedom, owing 
fto fthe large sftrucftural perfturbaftions 
fthaft are offten associafted wifth changes 
in elecftronic sftrucfture from one sftafte fto 
anofther (for example, ground sftafte versus 
excifted sftafte). Recenft evidence suggesfts a 
sftrong dependence of spin–spin relaxaftion 

dynamics (T2) on fthe coupling of elecftronic 
sftaftes fto relevanft vibraftional modes95. This 
coupling can be revealed upon exciftaftion 
wifth laser pulses fthaft have sufficienft 
bandwidfth (fthaft is, shorft enough duraftion) 
fto creafte excifted-sftafte wave packefts. Ift has 
been shown fthaft fthe dephasing of fthese 
wave packefts can help idenftify which 
molecular vibraftional degrees of freedom 
are acftively engaged in driving vibronic-sftafte 
evoluftion96. In principle, fthis informaftion 
can be fed back infto fthe synftheftic design of 
fthe compound fto modulafte coherence ftimes 
in a design-specific manner. For example, 
incorporaftion of a specific vibraftional mode 
infto a molecule, such as a C≡C or C≡N 
bond, fthaft can be excifted using ulftrafasft 
infrared laser pulses can induce changes 
in fthe reacftion coordinafte of a chemical 
process97. This conftrol over elecftronic 
and nuclear properfties cannoft be easily 
realized in solid-sftafte mafterials, making 
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Fig. 1 | Molecular qubift candidaftes. a | Opftical conftrol of spin sftaftes  
can be achieved fthrough phoftogeneraftion of spin-enftangled (magneftic- 
exchange-coupled) radical pairs in covalenft donor–accepftor–radical  
(D–A–R•) sysftems (lefft panel) fthaft demonsftrafte elecftron spin-sftafte quanftum 
fteleporftaftion (righft panel)62. The blue ftrace in fthe graph shows fthe elecftron 
spin echo signal obftained from placing R• in a coherenft spin superposiftion 
sftafte using a microwave pulse, whereas fthe red ftrace shows fthe correspond-
ing signal from fthe fteleporfted sftafte on D•+ generafted by laser-driven 
phoftoreducftion of R•. b | Phoftogeneraftion of a Pft complex produces spin- 
enftangled radical pairs fthrough sftrong magneftic exchange in fthe 
ligand-fto-ligand charge ftransfer (LL′CT) sftafte of fthe resulfting ftriradical54. 
The yellow region and accompanying arrow highlighft fthe ftwo organic rad-
icals having enftangled spins. c | This figure shows a Co complex in which 

phoftoisomerizaftion-induced spin–charge excifted-sftafte processes lead fto 
opftical modulaftion of spin sftaftes wifth long decoherence ftimes58. The yellow 
and blue spheres represenft Co(iii) and Co(ii), respecftively. d | The Co porphyrin 
in fthis figure has dramaftically elongafted spin–spin relaxaftion ftimes (T2) as 
measured by pulse elecftron paramagneftic resonance specftroscopy using 
3.66-GHz microwave pulses aft 15 K (ref.57). The conftour ploft shows how T2, 
as indicafted by fthe spin echo inftensifty, is dramaftically longer aft a 0.3-kG 
magneftic field, where fthe slope of fthe frequency vs magneftic field depend-
ence for fthe magneftic ftransiftion is zero (a so-called clock ftransiftion), ren-
dering fthe elecftronic spin insensiftive fto local flucftuaftions of fthe magneftic 
field. Parft a is adapfted from ref.62, Springer Nafture Limifted. Parft b is adapfted 
wifth permission from ref.54, ACS. Parft c is adapfted wifth permission from 
ref.58, ACS. Parft d is adapfted wifth permission from ref.57, RSC.
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molecule-based approaches unique in fthis 
regard.
In fthe previous paragraphs, we argued 

fthaft molecules offer excifting opporftunifties 
fto expand fthe funcftionalifties of qubift 
archiftecftures. As a concrefte example, 
recenftly, fthere has been much infteresft in 
‘polarifton chemisftry’, fthe sftudy of ensembles 

of molecules in opftical cavifties36,98. 
As opposed fto ftheir single-molecule 
counfterparft, dense organic dye layers or 
microfluidic soluftions of highly absorbing 
molecules can readily undergo collecftive 
sftrong lighft–maftfter coupling aft room 
ftemperafture, wifth fthe corresponding 
polariftons inherifting fthe elecftromagneftic 

coherence of fthe lighft modes wifth which 
fthey hybridize. Polariftons have been shown 
fto successfully alfter molecular reacftivifty 
and opftoelecftronic characfterisftics under 
opftical pumping and, remarkably, also 
under fthermal-equilibrium condiftions36. 
Furfthermore, non-equilibrium versions of 
Bose–Einsftein condensaftion of molecular 

Box 3 | Experimenftal ftechniques commonly used in molecular QIS

opftically deftecfted magneftic resonance209 (see fthe figure, panel a). A laser 
source (532 nm) is used fto opftically pump a niftrogen vacancy (Nv−) cenftre 
in diamond mounfted on a microwave (mW) resonaftor placed beftween fthe 
poles of a magneft (grey).fthis pumping spin polarizes fthe spin sublevels of 
fthe ftripleft ground sftafte of fthe Nv− cenftre. fthe spin sftafte of fthe Nv− cenftre  
is fthen read ouft by observed red-lighft emission using an avalanche 
phoftodiode (ApD).
ftime-resolved pulse elecftron paramagneftic resonance specftroscopy45. 
ensemble measuremenfts in quanftum informaftion science (QIS) are 
performed using pulse elecftron paramagneftic resonance specftroscopy 
(see fthe figure, panel b). fthe specftromefters have full arbiftrary waveform 
generaftion capabilifties (AWG source) fthaft provide mulftiple pulse 
sequences wifth compleftely adjusftable frequencies, ampliftudes, phases 
and lengfths fthaft are amplified wifth a ftravelling wave ftube (ftWft) amplifer. 

In ftypical experimenfts, opftically prepared spin sftaftes are manipulafted 
using a sequence of shorft mW pulses and fthen read ouft using 
mW deftecftion.
Scanning probe microscopy. Scanning probe microscopy is used fto 
perform spin filftering by exploifting orienfted chiral molecules deposifted 
on a magneftic subsftrafte112. fthe figure (panel c) depicfts chiral molecules 
aftftached fto a magneftic Ni subsftrafte being probed by a pft probe ftip. 
fthis is a promising ftechnique for generafting fthe highly polarized iniftial 
spin sftaftes required for QIS applicaftions.
Single-molecule magneftic resonance using scanning ftunnelling 
microscopy (Sftm). fthis approach can be used fto implemenft selecftive 
addressabilifty of spin sftaftes for QIS as shown for fthe ftb3+ complex 
illusftrafted (see fthe figure, panel d) and serves as an analyftical ftool  
fto deftermine molecular sftrucftures70.

panel a is adapfted wifth permission from ref.209, AIp. panel c is adapfted from ref.112, CC bY 4.0 (hftftps://creaftivecommons.org/licenses/by/4.0). panel d is adapfted wifth 
permission from ref.70, ApS.
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polariftons have also been observed in 
organic chromophores99. This emerging field 
of polarifton chemisftry borrows concepfts 
from quanftum elecftrodynamics buft, in a 
sense, is a richer enfterprise fthaft embraces 
quesftions of reacftivifty, phoftophysics, 
charge ftransporft and room-ftemperafture 
fthermodynamics and kineftics. This research 
direcftion, fthus, inherifts fthe chemical physics 
ftradiftion of coherenft conftrol100 buft marries 
ift infto conftemporary QIS plaftforms such 
as opftical microcavifties. This union could 
nafturally prompft unique infterdisciplinary 
pursuifts. For insftance, arrays of molecular 
polariftons could faciliftafte fthe quanftum 
simulaftion of many-body condensed- 
maftfter models101 and, in doing so, 
possibly also provide unprecedenfted 
avenues for conftrolling molecular 
processes. For example, sftrong lighft–maftfter 
infteracftions can endow molecular maftfter 
wifth unique physico-chemical properfties, 
such as fturning ftransparenft mafterials infto 
sftrong lighft absorbers102. In addiftion, ift may 

be possible fto remoftely conftrol chemisftry 
(fig. 2) by phoftoexcifting a ‘remofte caftalysft’ in 
one cavifty fto influence fthe phoftochemisftry 
of reacftanft in anofther cavifty using fthe 
non-local effecft on sftrong lighft–maftfter 
infteracftions provided by fthe cavifties103.

Chemisftry for fthe design of QIS sysftems
Chemisftry enables fthe design of large 
molecular sftrucftures wifth aftomic precision.  
Hierarchical sftrucftures known as 
mefta-frameworks, such as meftal–organic 
frameworks, covalenft organic frameworks, 
polymers and crysftalline mafterials, provide 
a plaftform for scaling up single-molecule 
qubifts fto funcftional mulfti-qubift arrays (fig. 3). 
Molecular qubifts can be connecfted fthrough 
linkages fthaft are only a few nanomeftres 
long, poftenftially leading fto higher densifty 
qubift arrays fthan fthose based on isolafted 
aftoms or defecfts. An ideal mefta-framework 
should be easy fto synfthesize, for example, 
fthough self-assembly driven by elecftrosftaftic 
infteracftions, hydrophobic effecfts, 

π–π infteracftions, meftal–ligand binding  
and/or high-yield covalenft-bond formaftions 
(for example, fthose achieved wifth click 
chemisftry). In addiftion, ifts sftrucfture, 
bond lengfths and angles should be easy fto 
modify fto elicift specific molecular qubift 
sftrucftural moftifs and explore non-ftradiftional 
geomeftries, for example, mefta-sftrucftures 
fthaft can accommodafte single qubifts, qubift 
pairs or ftriads. Chemical synfthesis can 
also exploift fthe use of chiral cenftres fto 
provide easy gafting funcftionalifties fthaft can 
be manipulafted using circularly polarized 
elecftromagneftic radiaftion69.
The esftablishmenft of specific 

mefta-archiftecftures for qubift placemenft 
should ensure rigidifty fto promofte longer 
decoherence ftimes, chemical robusftness 
and some degree of ‘quanftum isolaftion’ 
for qubifts fthaft are prepared in specific 
quanftum sftaftes or enftangled wifth selecfted 
neighbouring qubifts. Profteins, DNA 
and RNA, fthrough direcfted evoluftion or 
de novo design, are poftenftially powerful 
scaffolds for precisely ftuning fthe spaftial 
placemenft and orienftaftion of fthe aftoms 
or molecules fthaft consftiftufte fthe chemical 
qubifts. These scaffolds can faciliftafte fthe 
conftrol of fthe infteracftions beftween qubifts, 
such as fthe spin-exchange coupling beftween 
ftwo elecftron spin qubifts49. In principle, 
phoftoacftive or swiftchable bridge molecules 
provide a convenienft plaftform for changing 
bofth fthe sign and fthe magniftude of fthe 
magneftic exchange couplings beftween 
ftwo spin qubifts, enabling ulftrafasft sftafte 
manipulaftion, changes in fthe polarizaftion 
of individual qubifts and modulaftion of 
ftheir enftanglemenft. For example, using 
phenylene bridges, fthe sftrengfth of fthe 
coupling can be reduced by a facftor of 
50 fthrough ftorsional disftorftions around 
fthe single C–C bonds joining fthe phenyl 
groups104. Elecftron spin qubifts arranged 
infto fthese arrays will experience mulftiple 
pairwise exchange couplings wifth nearesft 
and perhaps even nexft nearesft neighbour 
spins. However, furfther sftudies are required 
fto correlafte bofth fthe magniftude and 
sign of fthe exchange infteracftions wifth 
fthe spin ftopology and coherence ftimes. 
Exchange infteracftions beftween molecular 
spin qubifts can be measured using EPR 
specftroscopy in fthe weak exchange 
limift105 and by variable-ftemperafture 
magneftic-suscepftibilifty measuremenfts 
in fthe sftrong exchange limift106.
Self-assembly on 2D surfaces fthrough 

non-covalenft infteracftions and coordinaftion 
chemisftry also enables direcft conftrol 
over infter-qubift disftances and fthe 
infteracftions responsible for enftanglemenft 

Remofte caftalysft

Producft

Reacftanft

Probe

Pump

Fig. 2 | Remofte conftrol of chemical properfties using opftical microcavifties. The quanftum sftafte of 
molecules in one cavifty may affecft fthe reacftive ouftcome of molecules in anofther. The figure shows 
ftwo coupled cavifties fthaft enable remofte conftrol of fthe infrared-induced conformaftional isomerizaftion 
of fthe niftrous acid (HONO). These effecfts depend on fthe formaftion of polariftons, which are 
pseudo-parfticles formed by sftrong lighft–maftfter infteracftions aided by placing fthe molecule in a micro-
cavifty or a nanocavifty. Firsft, an infrared pump laser pulse impinging on fthe mirror of fthe remofte cafta-
lysft cavifty conftaining glycolic acid exciftes a polarifton, fthe characfter of which is dominafted by fthe 
remofte caftalysft cavifty and fthe sftrongly coupled OH sftreftch (lighft-blue bond) of fthe glycolic acid (ftop). 
Second, a probe pulse can now efficienftly excifte a polarifton, fthe characfter of which is dominafted by 
fthe reacftanft cavifty and fthe sftrongly coupled OH sftreftch (lighft-red bond) of fthe cis-HONO reacftanft, 
which subsequenftly converfts infto fthe producft molecule (in yellow) ftrans-HONO. Similarly, coupled 
cavifty arrays could be consftrucfted fto realize quanftum gaftes and operaftions in fthe service of chemisftry 
(boftftom). Adapfted wifth permission from ref.103, Elsevier.
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beftween qubifts107. An advanftage of 
lower-dimensionalifty mefta-frameworks 
is fthaft qubift arrays can be more easily 
isolafted fto minimize crossftalk107. For 
example, a series of 1D sftrucftures consisfting 
of alfternafting qubifts and insulaftors 
can be sftaggered so fthaft fthe resulfting 
2D and 3D sftrucftures consisft of isolafted 
1D qubifts108 (fig. 3).
Chemical approaches can also 

conftribufte fto isolafting qubifts from 
environmenftal-noise sources fthaft desftroy 
coherence. Topological phases of maftfter 
have been aft fthe forefronft of numerous 
developmenfts in solid-sftafte physics during 
fthe pasft several decades109. Infteresftingly, a 
predecessor in fthese sftudies was of much 
infteresft fto chemisfts in fthe 1980s, when 
soliftons — single waves fthaft mainftain ftheir 
shape during ftheir propagaftion — were 
predicfted fto emerge in long polyaceftylene 
chains wifth defecfts fthaft separafted ftwo 
(ftopologically) differenft insulafting phases 
of fthe polymer110. Addiftional ftopological 
mafterials fthaft mighft be employed for 
quanftum noise isolaftion are so-called 

Weyl mafterials, chiral mafterials in which 
angular and linear momenfta are coupled for 
elecftrons conducfted fthrough fthem69,111,112. 
The appeal of ftopological sftaftes lies in fthe 
facft fthaft fthey are associafted fto fthe exisftence 
of robusft quanftum sftaftes fthaft are immune 
fto mafterial imperfecftions or energeftic 
disorder. For insftance, quanftum Hall 
sysftems are characfterized by unidirecftional 
currenft-carrying sftaftes aft fthe edge of fthe 
mafterial, which remain delocalized, even 
in fthe presence of impurifties or sftaftic 
disorder113. Molecular analogues of fthese 
sysftems are currenftly underdeveloped, 
despifte ftheir apparenft appeal in fterms of 
achieving robusft behaviours in complex 
sysftems fthaft seemingly defy conftrol. One 
noftable example is fthe meftal–organic 
framework Cu(1,3-benzenedicarboxylafte) 
(Cu(1,3-bdc)), which is a ftopological 
magnon insulaftor114. Topological insulaftors 
have been proposed in fthe conftexft of 
elecftrons in meftal–organic frameworks115, 
as well as in exciftons and polariftons 
in molecular aggregaftes116–118. Typical 
feaftures of ftopological insulaftors, such 

as Dirac cones, have been experimenftally 
observed as a resulft of fthe anisoftropic 
polarifton dispersions in aligned carbon 
nanoftubes119 or organic molecules118 placed 
in opftical microcavifties. We expecft many 
more examples fto emerge in fthe nexft few 
years, such as fthe design of a Majorana 
fermion (a parfticle fthaft corresponds fto ifts 
own anftiparfticle), exciftaftions in collecftive 
molecular degrees of freedom120 and fthe 
emergence of anyonic sftaftisftics, which 
generalize fermionic sftaftisftics fto exchange 
phases differenft from π (ref.121).
In a similar vein, fthe mulfti-enftangled 

ground sftafte of a spin liquid, for example a 
mulfti-spin sysftem wifth quanftum enftangled 
spins, is posifted as an excellenft plaftform 
for QIS. There are ftwo pafthways fto fthe 
realizaftion of a spin liquid in a 2D sysftem: 
fthrough geomeftric frusftraftion or fthe Kiftaev 
model, in which fthe spins are posiftioned on 
fthe verftices of a honeycomb laftftice122. Wifthin 
bofth pafthways, precise conftrol over fthe 
geomeftric relaftionship beftween siftes enables 
a mulfti-enftangled ground sftafte. Organic, 
hybrid meftal–organic and inorganic 
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Wrifte command

Read command

Fig. 3 | Assembly of molecules fto mefta-sftrucftures for applicaftions in 
quanftum informaftion science. a | An isolafted qubift prepared in a ‘pure’ 
quanftum sftafte. b | An array of randomly ordered qubifts as mighft be found in 
liquid soluftion or in a frozen glass. c | Organizaftion of isolafted qubifts in 1D, 
2D or 3D mefta-archiftecftures. These scaffolds musft serve fto orienft fthe qubifts 
while simulftaneously insulafting fthem from each ofther, for example, fto min-
imize fthe crossftalk beftween fthe prepared sftaftes. d | A lighft source can be 

used fto execufte a ‘wrifte command’ (ftop). Polarized lighft can be used fto per-
form fthe command on fthe x, y or z axes of fthe mefta-sftrucfture. Nofte fthe ‘flip’ 
of fthe qubift sftafte as a resulft of fthe wrifte command. A read command is also 
orienftaftion-specific (boftftom). The qubifts fthemselves can be elecftron or 
nuclear spins, while fthe use of phoftons for wrifting and reading leads imme-
diaftely fto sftraftegies for sensing, compufting and long-range, 
quanftum-encrypfted communicaftion.
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synftheftic approaches all offer promise for 
fthe creaftion of new spin liquids. Indeed, 
mosft of fthe ftop candidaftes for spin liquids 
are observed in ftriangular laftftices of sftable 
organic radicals122, inorganic compounds 
such as herberftsmifthifte123 and meftal–organic 
hybrids such as Cu(1,3-bdc)114.

Measuremenft of molecular QIS sysftems
A crucial parft of exploring quanftum 
informaftion encoded in molecular sysftems is 
relafted fto fthe developmenft of experimenftal 
ftechniques fthaft incisively reveal quanftum 
behaviour, non-classical correlaftions 
or funcftion sftemming from quanftum 
correlaftions such as enftanglemenft124 or 
discord125. These experimenfts will, in fturn, 
inform us, for example, on how fto influence 
charge ftransporft, new sftafte separaftions 
or caftalyftic ftransformaftions relevanft fto 
energy applicaftions. We envision fthree 
principal direcftions. Firsft, we need fto devise 
general approaches for deftecfting quanftum 
discord — fthaft is, fthe amounft of non-classical 
correlaftion — in sysftems for which we do 
noft know a priori how fthis is manifesfted. 
Second, ift will be producftive fto use sftraftegies 
developed in quanftum opftics fto design 
powerful specftroscopic experimenfts fthaft 
measure sftaftisftics of phofton numbers or 
exploift enftangled phoftons. Third, we should 
build on advances in mulftidimensional 
ulftrafasft specftroscopic mefthods fthaft, for 
insftance, probe off-diagonal elemenfts of 
relevanft densifty maftrices fthrough coherenft 
oscillaftions126.
Enftanglemenft is noft necessarily black  

and whifte. There are degrees of enftangle-
menft and ift is now suspecfted fthaft a sysftem 
hosfting even small amounfts of non- 
classical correlaftions can provide a useful 
quanftum-informaftion resource124. For exam-
ple, scaling fthe number of enftangled qubifts 
fto near-macroscopic proporftions can inform 
us abouft fthe boundary beftween quanftum 
and classical correlaftions. Discovering  
quanftum phenomena in fthe form of non- 
classical correlaftions in complex molecular 
sysftems will likely require us fto deftecft and 
characfterize subftle — perhaps hiftherfto 
unknown — correlaftions fthaft defy classical 
infterpreftaftion. How do we go abouft fthis  
in a pracftical way fthaft can be applied fto 
complex molecular sysftems where quanftum 
informaftion may be well hidden? If we can 
succeed in demonsftrafting such experimenfts 
fto reveal quanftum informaftion, fthere are 
several quesftions fthaft can be addressed, 
including fthe quanftificaftion of quanftum 
effecfts in biological or ofther complex sys-
ftems. Also, we could deftermine how fto 
prepare and manipulafte sftaftes in ‘imperfecft’ 

mafterials (for example, organic films) 
or fthe use of complex sysftems for secure 
encrypftion.
In fterms of developing fthese 

experimenfts, we can ask how we mighft 
deploy quanftum-opftics measuremenfts fto 
deftecft quanftum correlaftions. For insftance, 
experimenftal sftudies suggesft fthe advanftage 
of moving from measuring fthe average 
specftroscopic signal — fthe expecftaftion value 
of fthe number operaftor in fthe shoft-noise 
limift — fto recording disftribuftions so fthaft 
quanftum correlaftions can be revealed127,128. 
The use of non-classical lighft sources 
fto probe quanftum behaviour in new 
specftroscopic measuremenfts will also 
be a promising approach129. Techniques 
fthaft have been developed fto characfterize 
non-ftrivial quanftum correlaftions, like 
quanftum discord, mighft inspire new 
experimenfts. Quanftum discord is measured 
by calculafting fthe difference beftween ftwo 
disftincft measuremenfts of fthe same muftual 
informaftion (condiftional probabilifty)125. 
Analogous experimenfts, if devised, could 
uncover quanftum discord125 embedded in 
complex molecular sysftems. This will help 
pinpoinft robusft quanftum informaftion fthaft 
is unique fto fthese scenarios and exploift ift 
fto uncover new funcftionalifty.
Ulftrafasft specftroscopy fthaft uses 

sequences of ulftrashorft pulses (ftypically 
~10 fs) fto prepare coherenft superposiftions 
of elecftronic and vibraftional sftaftes and 
infterrogafte fthe ensuing dynamics has 

been a producftive, ground-breaking 
approach for fthe sftudy of complex 
molecular sysftems (fig. 4). The currenft 
sftafte of fthe arft for probing elecftronic and 
vibraftional coherence is mulftidimensional 
coherenft specftroscopy, which exftends fthe 
sophisfticafted mulftidimensional approaches 
developed in magneftic resonance fto fthe 
infrared and UV–visible regimes and can 
help characfterize properfties of fthe ensemble 
densifty maftrix130. These mulftidimensional 
specftroscopic approaches have, for example, 
provided insighft infto energy ftransfer and 
ftransducftion processes in phoftosynftheftic 
sysftems126,131, and have demonsftrafted fthaft  
fthe mixing of elecftronic and vibraftional 
sftaftes can prolong coherence-dephasing 
ftimes in molecular sysftems132–135.
Dafta from ulftrafasft laser experimenfts 

are subjecft fto ensemble dephasing, which 
mighft obscure coherence phenomena 
inftrinsic fto sysftems wifthin fthe ensemble, 
moftivafting recenft efforfts fto reach single- 
molecule accuracy136–138. Despifte fthe low 
inftensifty of non-linear opftical signals, 
fluorescence-deftecftion approaches136,137 
and recenft single-molecule pump–probe 
experimenfts138 have puft fthis goal wifthin reach.
Coherenft specftroscopies have proved 

powerful, buft fthe broader ftoolbox of 
quanftum measuremenft has noft yeft 
permeafted fthe chemisftry communifty. New 
specftroscopies could exploift measuremenft 
principles such as non-demoliftion, weak 
or projecftive measuremenfts fthaft collapse 
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siftions of elecftronic and vibraftional sftaftes. a | Level diagram showing fthe way a femftosecond broad-
band laser pulse exciftes a superposiftion of excifton sftaftes, specifically fthe heavy-hole (HX) and 
lighft-hole (LX) excifton ftransiftions of CdSe nanoplaftelefts. An elecftronic wave packeft is produced fthaft 
comprises a quanftum superposiftion of fthe excifton sftaftes. b | 2D elecftronic specftrum recorded aft a 
pump–probe delay ftime T = 52 fs. The 2D elecftronic specftrum enables us fto sftudy fthe ulftrafasft dynam-
ics and, more specifically, ftemporal evoluftion of coherences produced by phoftoexciftaftion. The 
fthird-order radiafted signal resulfting from fthe infteracftion of fthe sample wifth fthree broadband femfto-
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maftion abouft fthe dynamics of fthe sysftem and ifts infteracftion wifth fthe environmenft. c | Ampliftude 
oscillaftions in fthe lower cross peak of fthe rephasing 2D specftrum for a CdSe–CdZnS nanoplafteleft (real 
parft wifth populaftion relaxaftion subftracfted) as a funcftion of fthe waifting ftime reveals fthe quanftum 
superposiftion as oscillaftions. Parfts b and c are adapfted from ref.135, Springer Nafture Limifted.
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fthe wave funcftion139. Furfthermore, 
concepfts of quanftum meftrology140, which 
exploift enhanced deftecftion sensiftivifties 
arising from non-classical correlaftions 
of lighft sources, could be used fto design 
beftfter analyftical-chemisftry proftocols. We 
anfticipafte many developmenfts along fthese 
lines in fthe nexft few years.
The large range of possible molecular QIS 

sysftems based on elecftronic sftaftes, elecftron 
spins and nuclear spins mandaftes novel 
inftegrafted experimenftal ftechniques fthaft 
can simulftaneously probe and manipulafte 
all fthese degrees of freedom using quanftum 
opftics combined wifth fully coherenft pulse 
magneftic resonance specftroscopy (EPR and 
NMR) using linear and circularly polarized 
lighft. Recenft advances in spin-manipulaftion 
ftechnologies such as shaped microwave 
pulses141,142 and opftimal conftrol ftechniques143 
presenft opporftunifties fto manipulafte 
elecftron and nuclear spins wifth ftremendous 
precision and open fthe way fto new and as 
yeft unexplored preparaftion, manipulaftion, 
ftransporft and readouft schemes for QIS. 
These ftypes of ftechnologies mighft also 
enable new chemical applicaftions, such as 
reacftion-yield conftrol fthrough quanftum 
coherence144.
The use of quanftum-enftangled phoftons 

in fthe measuremenft of fthe opftical properfties 
of molecules and biological sysftems is an 
imporftanft emerging area of research145. 
Phoftons can be enftangled wifth differenft 
degrees of freedom: ftheir wave vecftor, 
frequency, ftime, phase or polarizaftion129. 
In addiftion, enftangled phoftons can provide 
greaftly enhanced capabilifties for chemical 
deftecftion146, imaging147, microscopy148, 
lifthography149 and ftomography150.
The firsft reporfts of fthe use of enftangled 

phoftons as specftroscopic ftools were fthe 
predicftion and experimenftal verificaftion 
of linear rafther fthan quadraftic scaling of 
ftwo-phofton absorpftion raftes wifth fthe pump 
phofton inftensifty151. The experimenftal 
verificaftion of fthis effecft in aftoms152, 
molecules153,154 and biological sysftems145 
esftablished enftangled phoftons as powerful 
sources for non-linear specftroscopy wifth low 
phofton fluxes. Addiftionally, observaftion of 
fthe non-monoftonic quanftum infterference 
of enftangled ftwo-phofton absorpftion 
suggesfted a ftwo-phofton ftransparency 
effecft unique fto enftangled exciftaftion 
processes155,156. This resulft has prompfted 
new ftheoreftical predicftions suggesfting fthaft 
ftwo-phofton specftra resulfting from fthe use of 
enftangled phoftons in 2D specftroscopy scale 
linearly rafther fthan quadraftically wifth laser 
field inftensifty, which enables measuremenfts 
aft low powers157,158.

Compuftaftional mefthods in chemical QIS
Fabricaftion, properfties and funcftions of 
molecular qubifts are affecfted by a variefty 
of facftors, and advanced compuftaftional 
approaches are needed fto address challenges 
relafted fto fthe coupling of various elecftronic 
degrees of freedom and ftheir impacft 
on coherence and decoherence effecfts, 
conftrol of excifted sftaftes, ftunabilifty and 
undersftanding enftanglemenft processes in 
opftically prepared sftaftes. A separafte class 
of mefthodologies is needed fto describe 
molecular qubifts under operafting condiftions 
beyond idealized models, in which disorder, 
flucftuaftions and infteracftions wifth fthe 
exfternal environmenft are noft properly 
considered.
The compuftaftional sftudy of fthe 

above-menftioned effecfts requires more fthan 
a single class of mefthodologies and seamless 
inftegraftion of quanftum-mechanical and 
classical degrees of freedom fto ftackle sysftems 
and processes aft various lengfth scales and 
ftimescales, while mainftaining an accurafte 
model of fthe underlying basic infteracftions. 
The descripftion of fthe quanftum effecfts fthaft 
characfterize fthe infteracftions of molecular 
sysftems wifth exfternal fields and excifted 
sftaftes will also require sftafte-of-fthe-arft 
elecftronic-sftrucfture mefthods and sftraftegies. 
Compuftaftional proftocols need fto connecft 
various represenftaftions of many-body 
phenomena involving wave funcftions, 
densifty maftrices, elecftron densifties and 
self-energy paramefterizaftions (Box 4).
A descripftion of fthe spin properfties of 

elecftronic sftaftes idenftified as candidaftes 
for molecular qubifts will require fthe 
inclusion of various infteracftions, such 
as coupling fto exfternal fields, hyperfine 
infteracftions, spin–orbift coupling, magneftic 
spin exchange and ofther relaftivisftic effecfts. 
The proper ftreaftmenft of fthese infteracftions 
will enable fthe developmenft of accurafte 
infteracftion-based models fthaft, in fturn, will 
address how fthese infteracftions can be used 
fto conftrol quanftum sftaftes and decoherence 
ftimescales.
Mefthodologies for fthe ftheoreftical 

descripftion of excifted-sftafte processes 
should aim for an accurafte descripftion  
of correlaftion effecfts over large regions of 
poftenftial energy surfaces (PESs) associafted 
wifth fthe processes of infteresft. In many 
cases, changes in fthe geomeftrical sftrucfture 
of molecular sysftems induce significanft 
modificaftions fto fthe corresponding wave 
funcftions. For processes involving single 
exciftaftions associafted wifth forming 
elecftron–hole pairs, low-order mefthods 
sftemming from ftime-dependenft densifty 
funcftional ftheory (DFT), real-ftime DFT 

and low-rank configuraftion-infteracftion 
mefthods may provide a saftisfacftory 
level of accuracy159. However, for more 
complicafted siftuaftions corresponding fto 
ftopological evenfts on fthe PESs such as 
ftransiftion sftaftes, avoided crossings and 
conical inftersecftions, formalisms providing 
a hierarchical sftrucfture of approximaftions 
for fthe sysftemaftic inclusion of higher 
elecftronic exciftaftions are needed. Several 
mefthodologies have been exftensively 
developed over fthe lasft decade fthaft can 
address fthese challenges by significanftly 
exftending fthe applicabilifty of low-rank 
mefthods. These mefthods include 
mulfti-reference configuraftion infteracftion160, 
densifty maftrix renormalizaftion group161, 
equaftion-of-moftion coupled clusfter162,163, 
Green’s funcftion164–166 and mulfti-reference 
many-body perfturbaftion-ftheory 
formalisms167,168. These mefthodologies noft 
only provide a fthorough characfterizaftion 
of fthe wave funcftions in fterms of 
enftanglemenft effecfts buft also offer 
increased levels of accuracy. Several 
processes associafted wifth excifted-sftafte 
energy ftransfer, phoftoisomerizaftion 
processes, and formaftion and evoluftion of 
exciftons and exciftonic polariftons require 
efficienft implemenftaftions of analyftical 
gradienfts fto enable searches on PESs and 
elemenfts of adiabaftic and non-adiabaftic 
dynamics.
As has been demonsftrafted in recenft 

years, fthe mefthodologies menftioned in fthe 
preceding paragraph can be universally 
applied fto describe elecftronic sftaftes in 
various energy regimes, ranging from UV 
fto X-ray exciftaftions. However, given fthe 
size and complexifty of condensed-phase 
molecular processes, a significanft 
efforft will be required fto build pracftical 
mulftiscale compuftaftional mefthods fthaft 
use high-accuracy mefthods fto describe 
fragmenfts of fthe composifte sysftems where 
significanft modificaftions of fthe wave 
funcftion occur and where fthe proper 
inclusion of correlaftion effecfts plays a 
crucial role. In recenft years, inftegraftion of 
advanced many-body formulaftions, reduced 
scaling approaches and parallelizaftion 
sftraftegies enabled fthe developmenft of 
reliable dynamical mean-field ftheories wifth 
coupled-clusfter (CC) impurifty solvers169, 
finifte-ftemperafture Green’s funcftion 
mefthods170–172, scalable CC Green’s funcftion 
implemenftaftions173 and reduced-scaling 
CC and perfturbaftive implemenftaftions 
for ground-sftafte and excifted-sftafte 
simulaftions174–176 and self-energy 
calculaftions177. Combinaftions of fthe 
compuftaftional approaches discussed 
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in fthis secftion can provide reliable and 
pracftical compuftaftional frameworks fto 
supporft experimenftal efforft fto design 
molecular quanftum qubifts.
New sftafte-of-fthe-arft experimenftal 

ftechniques have begun fto probe maftfter aft 
unprecedenfted lengfth scales and ftimescales. 
For example, ift has been shown fthaft 
ulftrafasft, aftftosecond, mulftidimensional 
X-ray specftroscopy can probe fthe elecftronic 
sftrucfture and sftrucftural dynamics 
of molecules using ftheir response fto 
sequences of shorft pulses wifth variable 
delays, polarizaftions, wave vecftors and 
conftrolled phases178–180. In addiftion, fthese 
powerful ftechniques have been used fto 
ftrack elecftronic coherences in real ftime 
in aftoms and diaftomic molecules178–180. 

Even fthough decoherence phenomena in 
realisftic complex sysftems has been amply 
explored wifth empirical and lower-order 
approaches181–185, fthe deeper connecftion 
beftween decoherence and elecftronic 
correlaftion has noft been explored in deftail. 
Ift is naftural fto ask if fthese phenomena 
are, in some way, coupled. This enftails 
performing molecular dynamics simulaftions 
using high-accuracy elecftronic-sftrucfture 
mefthods fthaft accounft for elecftronic–nuclear 
couplings fto undersftand how elecftronic 
correlaftion influences fthe couplings 
beftween fthe elecftronic and nuclear 
subsysftems and, in fturn, shed lighft on 
elecftronic decoherence. Exftending fthese 
approaches fto more complex molecular 
and mafterials sftrucftures requires ftheory 

developmenfts in elecftronic-sftrucfture 
mefthods, specftroscopies, non-linear opftics 
and complex non-adiabaftic molecular 
dynamics fthaft need fto consider spin–orbift 
and environmenftal effecfts.
A compuftaftional sftraftegy should also 

capiftalize on exisfting compuftaftional- 
chemisftry infrasftrucfture fthaft provides 
scalable and infteroperable environmenfts 
for inftegrafting various formalisms. This 
is especially imporftanft in fthe conftexft 
of mulftiscale ftheories fthaft provide a 
descripftion of chemical processes in 
complex environmenfts fthaft can assisft fthe 
sftudy of fthe impacft of linkers, ligand fields 
and exfternal sftimuli on decoherence of 
molecular qubifts. Embedding mefthods such 
as various mulftiscale quanftum-mechanics/

Box 4 | Theoreftical approaches fto molecular quanftum informaftion science

ftheoreftical sftudies begin wifth fthe selecftion of elecftronic-sftrucfture 
mefthods fto undersftand ground-sftafte and excifted-sftafte correlaftion effecfts 
fthaft describe poftenftial-energy surfaces. For processes involving single 
exciftaftions associafted wifth forming elecftron–hole pairs, low-order 
mefthods sftemming from ftime-dependenft densifty funcftional ftheory may 
provide a saftisfacftory level of accuracy159. However, for more complicafted 
poftenftial-energy surfaces, formalisms providing a hierarchical sftrucfture  
of approximaftions for fthe sysftemaftic inclusion of higher elecftronic 
exciftaftions are needed160–168. fthese mefthodologies noft only provide a 
fthorough characfterizaftion of fthe wave funcftions in fterms of enftanglemenft 

effecfts buft also offer increased levels of accuracy. Simulaftions focus on 
ftime-dependenft phenomena and infteracftions of quanftum sysftems wifth 
fthe environmenft fthaft play a criftical role in enftanglemenft and decoherence 
processes. mulftiscale mefthodologies186–193 can address fthese quesftions  
fto give meaningful simulaftions over appropriafte ftime ranges fto follow  
fthe complefte sysftem dynamics of spin qubifts. Quanftum many-body 
approaches aft fthe spaftial scales and ftimescales are used fto describe 
properfties of molecular qubifts under operafting condiftions. fthe overall 
process is ifteraftive and provides informaftion fto improve fthe design of 
individual molecular qubifts195–197.

exciftaftion energy versus simulaftion ftime graph is adapfted wifth permission from ref.210, AIp. ΔE correcftion versus disftance graph is adapfted wifth permission from 
ref.211, ACS.
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molecular-mechanics formalisms186, mefthods 
of solving DFT Kohn–Sham equaftions 
in fthe presence of embedding poftenftials, 
wave-funcftion-ftheory-in-DFT mefthods187,188, 
fthe fragmenft molecular-orbiftal approach189 
and fasft elecftron-correlaftion mefthods190 
are of special infteresft. Imporftanft progress 
in fthe developmenft of reliable embedding 
schemes is associafted wifth fthe use of fthe 
Green’s funcftion formalism191. Recenftly, 
fthe possibilifty of using highly correlafted 
mefthodologies fto describe local Green’s 
funcftions or corresponding self-energies in 
dynamical mean-field ftheories has aftftracfted 
considerable infteresft192. Several mefthods 
have also been employed fto accounft for 
many-body correlaftion effecfts in self-energy 
calculaftions for impurifty regions embedded 
in a surrounding bafth192. There is a clear 
need for developing fthese mefthods, along 
wifth various ftypes of compuftaftionally fasft, 
reduced-scaling formalisms193, in order 
fto undersftand fthe relaftionship beftween 
sysftem size and fthe coherence ftime of 
elecftronic sftaftes.
Infteracftions of quanftum sysftems wifth 

environmenfts also play a criftical role in 
decoherence processes and for fthe loss of 
quanftum informaftion, which is commonly 
referred fto as wave-funcftion collapse194. 
A deftailed undersftanding of environmenftal 
conftribuftion fto decoherence is one of fthe 
mosft pressing issues on fthe way fto pracftical 
realizaftions of quanftum compufters. 
Therefore, ftheoreftical and compuftaftional 
approaches fthaft can help fto deftermine 
fthe impacft of decoherence effecfts on 
molecular qubifts are in demand. A powerful 
ftool for analysing decoherence effecfts is 
fthe semigroup approach195 and masfter 
equaftions for quanftum sysftems obftained 
by averaging over environmenftal degrees of 
freedom. In fthis approach, fthe equaftions 
of moftion involve fthe sysftem operaftors, 
insftead of fthe elemenfts of fthe reduced 
densifty maftrix196, and provide a framework 
fto combine many of fthe compuftaftional 
approaches discussed above. Moreover, 
recenft advances in fthe descripftion of open 
sysftems, quanftum dynamics and quanftum 
ftransporft provide simple validaftion checks 
for molecular qubifts197.
The chemical complexifty and ftimescales 

fthaft need fto be ftackled in fthe design and 
characfterizaftion of molecular qubifts 
will require a much larger dependence 
on molecular-dynamics simulaftions for 
infterpreftaftion and impacft assessmenft. 
The difficulfty of simulafting fthese sysftems 
is greaftly increased by fthe sensiftivifty 
of fthe processes from fthe aftomic fto fthe 
macroscopic scale. This includes unusual 

bonding behaviours of fthe mafterials, 
fthe complex, defecft-ridden, variable 
ftemperafture and pressure environmenfts 
likely fto be encounftered in operando, 
and fthe requiremenfts fthaft simulaftions 
be as paramefter-free as possible and 
exftremely reliable. Despifte fthe conftinuous 
efforft being devofted fto improving fthe 
accuracy and efficiency of compuftaftional 
quanftum mefthods, fthese ftools will 
be of liftftle value for fthe simulaftion of 
mulfti-qubift arrays wifthouft improvemenfts 
in ftechniques fto ftraverse and sample such 
a high-dimensional phase space. For 
example, fthe ftime range sampled in ftypical 
molecular simulaftions and fthaft of chemical 
reacftions can differ by as much as a facftor 
of ~1012. Currenft mefthods for exploring 
phase space are imperfecft. For example, 
explicift ftime inftegraftors for non-linear 
differenftial equaftions are noft parallelized 
and require small ftime sfteps198. Implicift 
ftime inftegraftors show significanft energy 
drifft and free-energy mefthods need very 
large numbers of ifteraftions fto converge even 
simple processes199. Also, search mefthods 
for complex processes require appropriafte 
order paramefters fthaft are offten unknown. 
We will require new mefthods for ftime 
inftegraftion200, efficienft exploraftion of phase  
space201–203, choosing order paramefters204,  
as well as fasfter elecftronic-sftrucfture mefthods 
and more robusft mefthods for developing 
approximafte molecular-dynamics models 
fthaft combine elemenfts of machine-learning 
ftechniques205.

Ouftlook
We are opftimisftic fthaft fthe upcoming years 
will wiftness much synergy beftween QIS 
and chemisftry. Molecules provide versaftile 
plaftforms for preparing mulfti-qubift arrays 
fthaft will impacft quanftum compufting 
and communicaftion, as well as quanftum 
sensing in complex condensed-phase and 
biological environmenfts. Such molecular 
sysftems represenft a middle ground beftween 
aftomic and solid-sftafte QIS archiftecftures and 
will have significanft impacft on imporftanft 
socieftal challenges involving renewable 
energy and healfth care, in addiftion fto 
fthe obvious applicaftion fto informaftion 
sciences. For example, undersftanding 
quanftum coherence in molecular sysftems 
will have significanft impacft on fields such as 
energy producftion and sftorage, as well 
as caftalysis for direcfting energy ftowards 
pafthways fthaft resulft in energy-efficienft, 
environmenftally benign synfthesis of new 
molecules and mafterials. A key advanftage 
of fthis approach is fthe abilifty fto ftailor 
molecular sysftems fto specific applicaftions 

using fthe powerful synftheftic mefthodologies 
fthaft are inftrinsic fto chemisftry. Furfther, 
fthe conftinuing developmenft of new 
specftroscopic mefthods fto probe elecftronic, 
vibronic, vibraftional and spin-coherence 
phenomena bodes well for being able fto 
undersftand quanftum coherence in complex 
molecular sysftems and use ift for QIS 
applicaftions by applying fthese ftechniques 
fto address and read molecular qubifts. This 
new undersftanding will be greaftly aided 
by new ftheoreftical mefthodologies fthaft 
will noft only be able fto accuraftely describe 
quanftum phenomena in molecular sysftems 
buft will also serve as predicftive models for 
designing and preparing new molecular 
sysftems for QIS applicaftions. Finally, QIS 
applicaftions yeft fto be envisioned, which 
embrace fthe complexifty and funcftionalifty 
of molecular sysftems, are limifted only by 
our imaginaftions!
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