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ABSTRACT  Calculat ng observable propert es of chem cal systems  s often class cally 
 ntractable and w dely v ewed as a prom s ng appl cat on of quantum  nformat on 
process ng. Here, we  ntroduce a new framework for solv ng gener c quantum chem cal 
dynam cs problems us ng quantum log c. We exper mentally demonstrate a proof-of-
pr nc ple  nstance of our method us ng the QSCOUT  on-trap quantum computer, where 
we exper mentally dr ve the  on-trap system to emulate the quantum wavepacket dynam cs 
correspond ng to the shared-proton w th n an anharmon c hydrogen bonded system. 
Follow ng the exper mental creat on and propagat on of the shared-proton wavepacket on 
the  on-trap, we extract measurement observables such as  ts t me-dependent spat al 
project on and  ts character st c v brat onal frequenc es to spectroscop c accuracy (3.3 cm−1

wavenumbers, correspond ng to >99.9% fdel ty). Our approach  ntroduces a new 
parad gm for study ng the chem cal dynam cs and v brat onal spectra of molecules and 
opens the poss b l ty to descr be the behav or of complex molecular processes w th 
unprecedented accuracy. 

Hydrogen bonds, hydrogen transfer react ons, and coupled
transport of protons/deuterons and electrons are 

fundamental to many b olog cal, mater als, and atmospher c 
processes.1−6 S gn fcant challenges  nfuenced by the coupled
transport of hydrogen nucle  and electrons  nclude problems  n 
photosynthes s,7,8 n trogen fxat on,9 and the anomalous
Grotthuss-l ke behav or  n water10,11 and  n fuel cells.12

Hydrogen bonds and hydrogen transfer react ons are 
character zed by the  nteract ons of a s ngle hydrogen nucleus 
confned to a “box” created by electronegat ve donor and 
acceptor atoms that regulate the extent to wh ch the 
 nteract on  s polar zed. S nce the potent al here  s  nherently 
anharmon c,13−17 the commonly used approach of model ng
chem cal bonds w th n the harmon c approx mat on18,19  s
known to drast cally fa l for hydrogen-bonded sys-
tems.11,13,14,16,20 As a result, calculat ng the full quantum
wavepacket dynam cs13,14,21−28  s often the only approach13,14

to accurately pred ct the chem cal behav or of such complex 
problems. Unfortunately, mult d mens onal quantum nuclear 
dynam cs problems requ re exponent al computat onal resour-
ces29 to ach eve pred ct ve results, forc ng ex st ng stud es to
sacr fce accuracy for efc ency. Solv ng proton- or hydrogen-
transfer dynam cs problems us ng quantum-hardware and 
quantum- nsp red algor thms has also posed a challenge to 
date. Wh le prom s ng quantum algor thms30−38 and exper -
ments39−45 have addressed systems w th strongly correlated
electrons, these algor thms are  ncapable of descr b ng 

quantum nuclear efects w th n molecules. L kew se, wh le 
p oneer ng work has performed quantum s mulat ons of 
v bron c spectra46−49 or wavepacket evolut on through con cal
 ntersect ons,50 these stud es have been l m ted to molecular
potent als approx mated as harmon c ( nappl cable to hydro-
gen-bonded systems) and evaluated at a s ngle molecular 
geometry. 

Here, we  ntroduce a su te of techn ques for perform ng 
accurate quantum nuclear dynam cs calculat ons on a s ngle 
Born−Oppenhe mer potent al energy surface by us ng 
quantum hardware. Our approach explo ts the fact that the 
quantum nuclear dynam cs problems may conta n far fewer 
than (4 )N  ndependent elements when represented as a 2N ×
2N matr x, requ r ng a dramat cally reduced number of 
operat ons when mapped to quantum s mulat on hardware.51

In th s work, we demonstrate th s  dea and focus on mapp ng 
s mple one-d mens onal hydrogen-bond systems onto quantum 
hardware. 
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To prov de a proof-of-pr nc ple of our approach, we emulate 
the t me dynam cs of a shared-proton wavepacket evolv ng 
w th n a hydrogen-bonded system52 us ng a two-qub t
quantum computer. For spec fc ty, we choose an exemplar 
molecule, monoprotonated b s(1,8-d methylam no)-
naphthalene (DMANH+), wh ch has a shared proton bound 
by a smooth, symmetr c, double-well potent al spann ng the 
donor−acceptor range and exh b ts a structure common to 
many strong hydrogen-bonded systems. Our exper ment 
 mplements the efect ve nuclear Ham lton an of th s hydrogen 
bonded system by mapp ng  t to a trapped- on quantum 
computer w th s te-spec fc preparat on, control, and readout.53

We apply d screte quantum log c gates to dr ve the system’s 
un tary t me evolut on from wh ch we d rectly determ ne the 
spat al and temporal project on of the shared-proton wave-
packet,  ts character st c v brat onal (anharmon c) frequenc es, 
and the energy e genspectrum of the appl ed nuclear 
Ham lton an. Our exper ment shows except onal agreement 
w th the correspond ng class cal calculat ons of the shared-
proton v brat onal and energy spectra for th s model problem, 
w th a 0.1% uncerta nty (≈ 3 cm−1 error  n the resultant 
v brat onal spectrum). The exper mental techn ques descr bed 
here are d rectly scalable to larger numbers of qub ts and, 
follow ng the framework we  ntroduce below, may be appl ed 
to study more complex chem cal problems w th mult ple 
nuclear degrees of freedom. 

The general problem of quantum chem cal dynam cs  s 
compl cated by two pr mary challenges: (a) The class cal 
computat onal cost assoc ated w th obta n ng accurate 
electron c potent al energy surfaces may grow exponent ally 
w th the number of nuclear degrees of freedom.14,54−56 (b)
Both the class cal storage of the quantum un tary propagator 
and quantum wavepackets, as well as the t me-evolut on of the 
propagator act ng on the quantum states, may also requ re 
exponent al resources w th system s ze.56−61 In th s Letter, we
present a framework wh ch d rectly addresses challenge (b) by 

express ng gener c nuclear Ham lton ans  n a form amenable to 
 mplementat on on quantum hardware. Spec fcally, we show 
how the nuclear dynam cs on a s ngle Born−Oppenhe mer 
potent al energy surface may be mapped to an  nteract ng 
confgurat on of quantum b ts, as may be found  n sp n−latt ce 
quantum s mulators or un versal quantum computers. 

For both class cal- and quantum-computat onal approaches 
to study ng chem cal dynam cs problems, the  n t al step  s to 
express the nuclear Ham lton an  n some su table bas s, such as 
a d screte coord nate bas s (F gure 1a) that  s commonly used 
 n quantum dynam cs stud es.21,23−25,28,62,63 In our study, we
 nterpolate a latt ce of 2N equally spaced po nts between the 
donor/acceptor groups and then choose a set of 2N bas s 
funct ons correspond ng to D rac delta-funct ons centered on 
those latt ce s tes. The shape of the shared-proton wavepacket 
at any t me  s thus represented by a ket vector, w th  ts t me 
dependence governed by un tary Schrod nger evolut on under 
the system Ham lton an. 

In th s d screte bas s, the d agonal elements of the shared-
proton Ham lton an encode an efect ve double-well potent al 
energy surface ar s ng from the surround ng nuclear frame-
works and electron c structure. Th s potent al energy surface, 
local  n the coord nate representat on,  ncludes expl c t 
electron correlat on and  s treated here by us ng dens ty 
funct onal theory. For a spec fc molecular system, the 
calculated shape of the double-well potent al depends upon 
the level of electron c structure theory used to dep ct electron 
correlat on as well as the chosen gr d spac ng used to represent 
the nuclear degrees of freedom. The of-d agonal elements of 
the shared-proton Ham lton an encode the nuclear k net c 
energy and are determ ned here us ng d str buted approx mat-
 ng funct onals (DAFs).51,64−66 Underly ng symmetr es  n the
nuclear Ham lton an allow  t to be wr tten  n a form more 
amenable for efc ent exper mental real zat ons.51 The
symmetr c double-well potent al seen by the shared-proton 
wavepacket, for  nstance, leads to refect on symmetry  n the 

Figure 1. Coherent dynam cs of a shared-proton wavepacket. (a) The quantum dynam cs of a short-strong hydrogen bonded system are mapped 
onto a d screte bas s. Each bas s state represents a shared-proton wavepacket occupy ng one of the equally spaced latt ce s tes between the donor/ 
acceptor frameworks. The d screte Ham lton an  s formed from wr t ng the k net c and potent al energy operators for the shared-proton  n th s 
system. (b) T me evolut on under the nuclear Ham lton an  s ach eved by apply ng a un tary propagator to an  n t al wavepacket state. The un tary 
operator  s decomposed  nto s ngle- and two-qub t quantum gates that are appl ed to a trapped- on quantum computer. (c) The quantum dynam cs 
of the trapped- on system emulate those of the shared proton wavepacket. When a wavepacket  s  n t al zed near the left s de of the anharmon c 
potent al well,  ts dynam cs are found to osc llate coherently between the donor and acceptor groups. Sol d l nes show the exact numer cal solut on 
to the Schrod nger equat on,  nclud ng decoherence efects. (d) Our trapped- on exper ment rema ns coherent for many hundreds of emulated 
shared-proton osc llat ons w th no v s ble reduct on  n contrast. 
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d agonal elements of the Ham lton an. In add t on, the k net c 
energy operator of the shared-proton wavepacket, when 
represented us ng DAFs,  mpr nts a Toepl tz structure to the 
of-d agonal elements for wh ch each subd agonal has a 
constant value. Matr ces w th these key propert es can be 
transformed  nto a block-d agonal form by apply ng a G vens 
rotat on operat on to the computat onal bas s.51 The net efect
of th s mapp ng  s to recast the or g nal 2N × 2N nuclear 
Ham lton an as one w th two sub-blocks of d mens on 2N−1 × 
2N−1 , w th each sub-block operat ng  ndependently on half of 
the H lbert space. Thus, the t me-evolut on of the full 
Ham lton an can be  mplemented by perform ng t me-
evolut on of both subblocks  ndependently and then apply ng 
an  nverse mapp ng to transform back to the or g nal bas s. In 
Support ng Informat on, we d scuss two approaches for 
 mplement ng the t me evolut on on a collect on of  nteract ng 
quantum b ts. In one case we prov de a control map51,67 that
d rectly encodes the molecular Ham lton an onto an  on-trap 
Ham lton an. Th s approach was  ntroduced  n ref 51. 
Alternately,  n th s Letter, each sub-block of the un tary 
propagator  s d rectly decomposed  nto a sequence of s ngle-
and two-qub t gates for  mplementat on on a un versal 
quantum computer. 

To emulate the chem cal dynam cs of th s hydrogen-bonded 
system, lasers are used to prepare and man pulate the  nternal 
electron c states of trapped atom c  ons (F gure 1b). Qub t 
levels are encoded  n the 2S1/2 |F 0, mF 0  and |F 1, mF 
0  hyperfne “clock” states of 171Yb+  ons, denoted |0  and |1 , 

respect vely.68 State preparat on proceeds by opt cally pump ng
all qub ts to |0  and then perform ng local rotat ons to generate 
a state correspond ng to an  n t al shared-proton wavepacket. 
To fnd the shared-proton wavepacket at a later t me t, we 
t me-evolve the  n t al state under the un tary propagator U(t) 

e− Ht/ℏ, where H  s the  on-trap Ham lton an that encodes the 
efect ve nuclear dynam cs. Wh le H  s gener cally expressed  n 
terms of Is ng-type XX and YY  nteract ons,51 here we explo t
the small system s ze to opt mally decompose the propagator 
U(t) e− Ht/ℏ  nto a sequence of seven s ngle-qub t rotat ons 
(w th t me-dependent angles) and three controlled-NOT 
(CNOT) gates.69−72 The deta ls of the decompos t on scheme
can be found  n the Support ng Informat on. 

We generate s ngle- and two-qub t gates by apply ng sp n-
dependent opt cal d pole forces to  ons confned  n a surface-
electrode trap (Sand a HOA-2.173). Each  on  s addressed by
two laser beams near 355 nm: one t ghtly focused  nd v dual-
address ng beam and one global beam that targets all  ons 
s multaneously. The beams are arranged such that the r 
wavevector d ference Δk l es along the transverse pr nc pal 
axes  n plane w th the trap surface. The two beams conta n 
frequency components whose d ference can be matched to the 
resonant trans t on of the  on qub t at ν0 12.642819 GHz to 
dr ve s ngle-qub t gates, or detuned symmetr cally from ν0 to 
dr ve Mølmer−Sørensen two-qub t  nteract ons. Gate t mes for 
s ngle-qub t π/2 f ps are typ cally 10 μs w th 99.5% fdel ty, 
wh le typ cal Mølmer−Sørensen gates requ re 200 μs for full 
entanglement w th a typ cal 97% fdel ty. 

Figure 2. Exper mentally determ ned dynam cs of a shared proton  n DMANH+ . The observed t me evolut on depends on whether the shared-
proton wavepacket  s  n t al zed (a) near the donor s te; (b) near one of the potent al energy surface m n ma; (c) spl t between the two m n ma w th 
oppos te phase; or (d)  n an e genstate of the double-well potent al. Osc llat ons  n both space and t me are observed  n all cases, except  n panel d, 
where the system rema ns  n  ts e genstate. 
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After  n t al zat on of the  on qub ts and appl cat on of gates 
to s mulate Ham lton an evolut on for t me t, the qub t states 
are measured to determ ne the t me-evolved shape of the 
shared-proton wavepacket. At each t me step, measurements of 
the trapped- on qub t states determ ne the probab l ty of 
fnd ng the shared-proton on each of the 2N latt ce s tes. 
Detect on of the fnal  on states  s accompl shed by captur ng 
the r sp n-dependent fuorescence  nto a fber array, where 
each fber  s coupled to an  nd v dual photomult pl er-tube 
(PMT). S te-resolved detect on allows for d scr m nat on of 
each qub t’s log cal |0  or |1  states w th 99.0% detect on 
fdel ty, as well as the probab l ty overlap w th all poss ble bas s 
states. Exper ments are repeated 1000 t mes at each t me step 
to l m t the stat st cal error contr but ons from quantum 
project on no se. The t me-dependent proton dynam cs  s then 
determ ned by mapp ng the observed  on dynam cs back to the 
d screte proton bas s. More deta ls of the exper mental setup 
and  mplementat on can be found  n the Support ng 
Informat on. 

In F gure 1c, we h ghl ght the probab l t es of fnd ng the 
shared-proton on the leftmost (|x1 ) and r ghtmost (|x8 ) 
latt ce s tes on the potent al energy surface when  t  s  n t al zed 
 n the |x1  pos t on. For th s  n t al state, the shared-proton 
wavepacket  s found to exh b t large-ampl tude, coherent 
osc llat ons between the donor/acceptor groups as well as 
smaller-ampl tude, h gher-frequency osc llat ons;  ntermed ate 
latt ce s tes contr bute negl g bly to the dynam cs  n th s case 
(gray po nts  n F gure 1c). We emphas ze that the sol d l nes  n 
F gure 1c are not fts to the data; rather, they are an exact 
numer cal solut on to the Schrod nger equat on  n the presence 
of known quantum gate  nfdel t es. 

In our exper ments, the quantum c rcu t  n F gure 1b  s 
 mplemented w th ∼90% fdel ty for any s mulated evolut on 
t me t. Th s results  n efect ve shared-proton osc llat ons that 
rema n coherent for arb trar ly long t mes w th no apparent 

decrease  n contrast. F gure 1d shows a cont nuat on of the 
dynam cs from F gure 1c, w th hundreds of osc llat on per ods 
after the wavepacket  s  n t al zed. Remarkably, s nce the gate 
errors are the same for each t me step, they do not afect the 
frequency  nformat on encoded  n the t me dynam cs. For 
 nstance, we show below that the shared-proton v brat onal 
frequenc es may be determ ned to >99.9% accuracy desp te the 
∼90% overall c rcu t fdel ty (see SI Sect ons S.V and S.VI).

In t al z ng our system  n d ferent quantum states, wh ch
corresponds to  n t al z ng the shared-proton wavepacket on 
d ferent latt ce s tes, leads to a var ety of d ferent t me-
dependent osc llat ons. In F gure 2a, the efect ve shared-
proton state  s  n t al zed to occupy the left-most latt ce s te at t 

0. Just as  n F gure 1c,d, the t me dynam cs reveal 
wavepacket jumps between the |x1  and |x8  latt ce s tes at a 
rate of ∼24 THz (800 cm−1). In contrast, when the shared-
proton state  s  n t al zed on the second latt ce s te (F gure 2b), 
a cont nuous osc llat on between s tes |x2  through |x7   s 
observed w th nearly zero probab l ty of occupy ng the extrema 
(|x1  and |x8 ). When pos t ve and negat ve wavepacket 
components are  ntroduced  n the left and r ght wells 
(respect vely), as  n F gure 2c, strong osc llat ons are observed 
along w th destruct ve  nterference efects near the center of 
the double well potent al. F nally, when the  n t al proton 
wavepacket  s prepared  n an e genstate of the nuclear 
Ham lton an (F gure 2d), no t me-dependent dynam cs are 
expected or observed. 

Our emulat on of the shared-proton wavepacket dynam cs 
enables a h gh-accuracy determ nat on of  ts v brat onal 
frequenc es. Cons der the nuclear Ham lton an H, wh ch has 
e genstates ϕ (x) and energy e genvalues E . Any chosen  n t al 
state χ(x, 0) may be wr tten  n terms of th s e genstate bas s 
w th correspond ng t me evolut on: 

Figure 3. Exper mentally determ ned frequency and energy spectra of a shared-proton  n DMANH+ . (a−c) The t me evolut on data for the  n t al 
states  n F gure 2a−c are Four er-transformed to reveal frequency spectra of the shared-proton osc llat on. Each peak corresponds to a frequency 
spl tt ng between e genstates of the d screte nuclear Ham lton an. (d) The data  n panels a−c are summed to produce a fnal frequency spectrum. 
Dashed gray l nes and labels show pred cted frequenc es from exact d agonal zat on of the nuclear Ham lton an. (e) The extracted frequenc es from 
panels a−d, color-coded by the r parent spectrum, allow the relat ve energ es of all e genstates to be exper mentally determ ned. (f) The quantum-
computed energy e genstates of the nuclear Ham lton an (blue dots) are compared to the exact-d agonal zat on result (dashed gray l nes). Typ cal 
error bars (1 s.d.) are shown  n the  nsets. 
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Hence, the probab l ty of fnd ng the shared proton at pos t on 
x at t me t  s g ven by 

x t c c x x( , ) (0) (0)e ( ) ( )
i j

j i
i E E t

j i
2

,

( ) /j i| | = * *
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The t me evolut on of any  n t al state therefore  s compr sed 
of osc llat ons at all poss ble frequency d ferences between all 
pa rs of energy e genstates. For each frequency component, the 
strength  s governed by the product of overlap ampl tudes 
cj *(0)c (0), that  s, the coefc ents compr s ng the  n t al 
wavepacket. 

To extract the osc llat on frequenc es of the shared-proton 
wavepacket  n our hydrogen-bonded system, we perform a 
Four er transform of the measured t me-evolut on data 
presented  n F gure 2. Mathemat cally, th s operat on  s 
equ valent to tak ng 

e x t dt e e dt c c x x
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wh ch produces peaks  n the Four er spectrum correspond ng 
to frequency d ferences between energy e genstates, (Ej − E )/ 
ℏ. Th s express on  s also related to the Four er transform of 
the dens ty matr x autocorrelat on funct on, Tr[ρ(0)ρ(t)], and 
th s aspect  s d scussed  n the Support ng Informat on, Sect ons 
S.V and S.VI. 

Four er transforms of the shared-proton t me dynam cs 
(F gure 2a−c) are shown  n F gure 3a−c, along w th a 
cumulat ve spectrum  n F gure 3d. The extracted peaks prov de 
a d rect measurement of the energy e genstate d ferences E j ≡ 
(Ej − E ), wh ch show excellent agreement w th the frequenc es 
pred cted from exact d agonal zat on of the nuclear Ham l-
ton an (gray dashed l nes  n F gure 3a−d). Note that s nce the 
 n t al wavepacket state  n F gure 2d was prepared  n an 
e genstate and conta ns m n mal t me dynam cs,  ts Four er 
transform conta ns no mean ngful frequency  nformat on. 

Us ng the measured energy d ferences E j  n F gure 3a−d, 
we exper mentally reconstruct the full energy e genspectrum of 
our nuclear Ham lton an. S nce the shared-proton bas s has 
been d scret zed onto 8 latt ce s tes, our Ham lton an conta ns 
8 energy e genvalues wh ch are calculable and drawn to scale  n 
F gure 3e. The set of measurements {E j} from F gure 3a−d 
prov des more  nformat on than  s necessary to determ ne the 
relat ve spac ngs of all energy levels. Th s overcompleteness 
ar ses from our mult ple d ferent wavepacket  n t al zat ons, 
and  t allows for mult ple  ndependent measurements of 
spec fc energy spl tt ngs and reduced error  n our fnal results. 

The v brat onal energ es obta ned d rectly from the  ons’ 
t me dynam cs are compared  n F gure 3f to the exact 
d agonal zat on results (dashed gray l nes). Except onal agree-
ment  s found  n all cases. Typ cal measurement uncerta nt es 
are at the level of 0.1%, wh ch corresponds to 3.3 cm−1 

wavenumbers and  s well w th n the range of spectroscop c 
accuracy for such molecular v brat on problems. 

Thus, th s Letter presents a r gorous theoret cal framework 
and exper mental demonstrat on for treat ng general chem cal 
dynam cs problems us ng quantum hardware. We have shown 

how molecular systems w th anharmon c potent al energy 
landscapes, such as the ub qu tous hydrogen bond, may be 
mapped to a system of controllable  nteract ng quantum b ts. 
We have performed a proof-of-pr nc ple demonstrat on of our 
mapp ng, fnd ng excellent agreement between the observed 
hydrogen-bond dynam cs and extracted spectra compared w th 
those calculated on class cal hardware. F nally, we d scussed an 
outlook toward extend ng our approach to more complex 
chem cal systems w th mult ple correlated nuclear degrees of 
freedom. 

We remark that our exper mental techn que for extract ng all 
energy e genvalues of a many-body Ham lton an has y elded 
h gher accurac es (by nearly two orders-of-magn tude) than 
prev ous eforts us ng trapped- on quantum systems.74,75 We 
note that th s h gh accuracy  s dr ven by the res l ence of 
frequency  nformat on  n our t me-ser es data desp te 
accumulated quantum gate errors at the ∼10% level. Our 
observat ons establ sh that current-generat on, no sy quantum 
hardware can already serve as a prec se computat onal resource 
for study ng the spectral features of many-body Ham lton ans. 

We have for the frst t me demonstrated that general zed 
nuclear dynam cs can be modeled exactly us ng a qub t-based 
quantum processor. Th s  s a marked departure from the 
ex st ng l terature, where v brat ons w th n the harmon c 
approx mat on are mapped to Boson c systems. Bu ld ng on 
the h gh-accuracy quantum s mulat ons presented here, we w ll 
broaden our  mplementat on to  nclude mult ple correlated 
nuclear degrees of freedom w th n the nuclear Ham lton an to 
capture more real st c wavepacket trajector es across the 
potent al energy surface and also allow for Boltzmann 
averag ng over thermally fuctuat ng donor−acceptor d stances. 
Ult mately, we expect to compare and val date our quantum-
computed results w th exper ments performed by gas-phase 
spectroscopy, for wh ch the Ham lton an descr pt on of an 
 solated nuclear wavepacket  s most appropr ate. 
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